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his  program  is  for  the  research  and  development  of  a new  mechanical  power  trans- 
mission  concept:  the  segmented  magnet  homopolar  torque  conve  ter.  The  purpose  of 

this  device  is  to  convert  unidirectional  torque  of  constant  speed  (such  as  from  a 
steam  turbine  prime  mover)  into  variable  speed  output  torque  in  either  the  forward 
or  reverse  directions.  The  concept  offers  an  efficient,  lightweight  low  volume 
design  with  potential  application  over  a wide  range  of  speeds  and  power  ratings  in 
the  range  from  hundreds  to  tens  of  thousands  of  horsepower.  This  machine  concept 
can  be  applied  to  commercial  and  military  advanced  concept  vehicles  for  both 
terrain  and  marine  environments. 

The  program  places  particular  emphasis  on  the  technology  of  liquid  metal  current  col- 
lection systems  for  the  reason  this  is  essential  for  the  success  of  the  homopolar 
machine  concept. 

In  Phase  I the  technical  problems  were  reviewed,  the  machine  concepts  were  studied, 
and  a detailed  technical  plan  was  evolved  for  tne  entire  program.  In  Phase  II, 
theoretical,  engineering,  and  experimental  tasks  were  performed  to  develop  a reliable 
constant  speed  current  collection  system  which  was  demonstrated  in  an  actual  segmented 
magnet  homopolar  generator  (SEGMAG).  The  objectives  of  Phase  III  are  to  extend  the 
technology  developed  in  Phase  II  for  constant  speed  machines  to  the  case  of  the  torque 
converter  which  must  operate  at  variable  and  reversing  speeds. 

This  report  period  encompasses  a portion  of  the  work  performed  during  Phase  III. 
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SECTION  1 

INTRODUCTION  AND  SUMMARY 
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1.0  GENERAL 


This  is  the  sixth  semi-annual  technical  report  and  covers  the  work 
performed  from  December  1,  19/4  through  May  31,  1975.  During  this  period, 
na p ill  was  continued  in  accordance  with  the  agreed  plan. 


1.1  BACKGROUND 

This  program  is  for  the  research  and  development  of  a Westinghouse- 
proposed  mechanical  power  transmission  concept:  the  segmented  maqnet 

homopol ar  torque  converter  (SMHTC ) . The  purpose  of  this  device  is  to 
convert  unidirectional  torque  of  constant  speed  (such  as  from  a 
steam  turbine  prime  mover)  into  variable  speed  output  torque  in  either 
the  forward  or  reverse  directions.  The  concept  offers  an  efficient 
light-weight  low  volume  design  with  potential  application  over  a wide 
ange  of  speeds  and  power  ratings  in  the  range  from  hundreds  to  tens 
of  thousands  of  horsepower.  Initial  analysis  indicates  that  this 
machine  concept  can  be  applied  to  commercial  and  military  advanced 
concept  vehir  es  for  both  terrain  and  marine  environments  over  a widp> 

;Catl°n^  Wlth  considerable  benefit  to  the  U.S.  Government,  pro 
vided  the  complex  current  collection,  liquid  metal  technology,  and 
materials  problems  can  be  completely  solved. 

•he  present  contract  is  part  of  a proposed  three  phase  program  to 
develop  the  segmented  magnet  homopol ar  torque  converter  (SMnTC)  This 
program  will:  a)  solve  the  operational  problems  relating  to  current 

co  lection  systems  for  segmented  magnet  machines;  b)  demonstrate  the 

(SFCMAri  •°r\t  ir\a  SrDa11  se9mented  magnet  homopolar  machine 

IGMAa),  c)  utilize  the  developed  technology  to  design,  construct  and 
cejt  a segmented  magnet  homopolar  torque  converter  (SMHTC). 

The  program  will  place  particular  emphasis  on  the  materials  technology 
of  liquid  metal  current  collection  systems  for  the  reason  that  this  is 
essential  to  the  success  of  the  homopolar  machine  concept  for  hiqh 
power  density  applications.  y 


range 


1.2  OBJECTIVES 

1.2.1  Summary  of  Objectives 

In  Phase!,  completed  on  January  9,  1973,  all  of  the  technical  problems 
were  reviewed,  the  machinery  concepts  studied,  and  a detailed  technical 
pi 'n  was  evolved  for  Phase  II. 
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Phase  II  had  the  primary  purpose  of  providing  the  necessary  theoretical 
and  engineering  design  work,  as  well  as  the  supporting  experimental 
tasks,  to  develop  a reliable  and  efficient  current  collection  system 
for  the  successful  operation  of  a segmented  magnet  (SEGMAG)  homopolar 
generator.  Key  task  areas  include:  (a)  the  design,  construction,  and 

operation  of  a SEGMAG  generator  having  sodium-potassium  (NaK)  current 
collectors  and  all  necessary  support  systems  for  liquid  metal  handling 
and  purification,  cover  gas  purity  maintenance,  and  shaft  seals;  and 
• ,!;he  procurement  and  testing  of  a GEC  Ltd.  homopolar  generator  with 

its  Gal  1 i urn- Indi um  (Gain)  current  collector  system. 

The  objectives  of  Phase  III  are  to  extend  the  technology  developed 
in  Phase  II  for  constant  speed  machines  (such  as  generators)  to  the 
case  of  a torque  converter  which  operates  at  low  speed,  zero  speed, 
or  reversing  conditions,  and  then  to  construct  and  test  a demonstration 
machine. 


1.2.2  Summary  of  Technical  Tasks 

The  technical  subtasks  for  Phase  I were  described  in  detail  in  the 
first  semi-annual  technical  report  (E.M.  4471),  and  were  as  follows: 

1)  Segmented  magnet  homopolar  torque  converter  (SMHTC)  system 
studies. 

2)  Application  study. 

3)  Liquid  metal  current  collection  systems. 

4)  Materials  study. 

5)  Segmented  magnet  homopolar  machine  design. 

6)  Seal  study. 

7)  Plan  for  phase  1 1 . 

There  were  five  major  task  areas  under  Phase  II: 

( 1 ) Machine  Design  and  Tes ti ng 

Construct  a 3000  HP  segmented  magnet  homopolar  machine  in  order  to  prove 
the  SEGMAG  concept  and  to  provide  a test  vehicle  for  the  current  collectors, 
seals,  and  materials  which  were  developed  under  this  program. 

Obtain  a homopolar  generator  from  the  General  Electric  Co.  (GEC)  of  England 
in  order  to  obtain  operational  experience  with  Gain  as  a current  collector 
1 iquid . 


1-2 


E.M.  4705 


( 2 ) Application  Stud i es 

select  the  most  useful  applications  for  segmented 
or  torque  converters. 


magnet  homopolar  machines 


(3)  Current  ( ol 1 ec ti on  Development 

tvolve  an  effective  liquid  metal  current  collection  system. 

( 4 ) Liquid  Me tal  Support  Systems 


toVD™LaJdthffrCatH  a"d  gas  recirculation  systems 

to  protect  the  liquid  metal  in  the  current  collectors. 


Study  the  compatibility  of  all  machine  material 
and  structural  materials)  with  the  liquid  metal 


s (insulation,  lubricants 
current  collection  fluid. 


Conduct  a fundamental  study  of  liquid  metal 
wecting,  aerosol  formation,  corrosion  reacti 
and  chemistry  control  in  liquid  metals. 


technology,  including  surface 
ons,  effect  of  high  currents, 


(5)  Seal  Study 


Develop  seal  systems  for  unidirectional 
the  liquid  metal  to  the  collector 
the  liquid  metal  and  loss  of  its 


SEGMAG  machines  to:  (a)  confine 

zone;  and  (b)  prevent  air  contamination  of 
protective  cover  gas  atmosphere. 


To  implement  the  Phase 
have  been  defined: 


III  contructual  workscope,  the  following  task  areas 


(1)  Machine  Design  and  Testing 


SEGMAG  demonstration  machine  development  and  testing 
the  objective  of  further  increasing  output  power  and 
collector  technology. 


will  continue,  with 
refining  current 


GEL  machine  performance  will 
technology. 


be  studied  to  evaluate  Gain  current  collection 


Torque  converter.  A conceptual  design  will  be  evolved  for 
converter  suitable  for  a military  application. 


a prototype  torque 


\2)  Current  Collection  Development 


M I I 


The  unidirectional  SEGMAG  current  collectors  or  Pha^ 

ext<,nded ,‘°  hi3her  speed  applications.  In  addition,  collectors 
-uitable  tor  reversible  and  variable  soeed  applications  will  be  developed, 
the  work  falls  into  five  categories:  K 
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a)  SEGMAG  Collectors  (67  m/s  speed),  unidirectional  constant  speed. 

b)  High  Speed  Collectors  (96  m/s),  unidirectional  constant  speed. 

c)  Flooded  Collectors,  for  reversing  and  variable  speed  which 

containment^73"13965  °f  de5,Q"  ^Xld  .eta, 

d)  Unflooded  collectors,  for  reversing  and  variable  speed  which 
have  the  highest  efficiency,  but  difficult  containment  proMemt. 

e)  Hybrid  collectors,  for  reversing  and  variable  speed  which 
combine  the  advantages  of  liquid  metal  anu  solid  brushes. 

( ^ ) Liquid  Metal  Support  Systems 

The  SEGMAG  liquid  metal  system  will  be  further  developed  and  simnlifipH 

technology  studies  wil,  be  pursued  with  respScS  ?o  ™ch?^ ™eq^en,en?s 
(4)  Seal  Study 

and'torque^converters311095  ^ Sons 

1.3  SUMMARY  OF  CURRENT  PROGRESS 

1.3.1  Machine  Design  and  Testing 

1.3. 1.1  Segmented  Magnet  Homopolar  Generator  (SEGMAG) 

Based  upon  analysis  of  the  initial  test*-  nf  tho  crrM/ir  u- 

rJTA-)liS!  »2sS5? 

The  SEGMAG  machine  Is  shown  in  Figs.  2.1.1  and  2.1.2. 

1 • 3. 1 . 2 GEC  Machine 

No  work  was  scheduled  for  this  report  period. 
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1 . 3. 1 . 3 Torque  Converter 

5fCtheeSEGMAGdtypen  ^ bei"9  Prepared  for  the  8000  HP  torque  converter 

in  addition,  a conceptual  study  of  a large  (40,000  HP)  DISKMAG  propulsion 
o was  performed.  However,  the  inherent  low  efficiency  of  this  DISKMAG 
ype  of  machine  precludes  its  use  in  the  applications  of  interest  Thus 

o^th^SFfMAr^H  COn^ept^]  desi9n  study  will  in  the  future  be  concentrated 
on  the  SEGMAG  (drum-type)  torque  converter  configuration. 


1.3.2  Appl ication  Studies 

sv^nm  Pri0d’  fff°rt  C2ntinued  on  applying  the  SEGMAG  machine 
r Pb  r dTUlS10n-  By  clectrically  separating  the  prime  mover 
and  the  traction  drive,  more  compact  drive  systems  can  be  visualized  that 

o not  require  increasing  tank  armor  weight.  Utilizing  this  principle 
an  improved  performance  tank  drive  system  was  developed.  P P ’ 


1.3.3  Current  Collection  Development 

this  repDrt  period,  the  feasibility  of  using  liquid  metal  current 
collectors  in  homopolar  machines  of  constant  high  speed  (67  m/s)  was 
again  demonstrated  during  retesting  of  the  SEGMAG  generator.  Improve- 
ments in  high  speed  collector  performance  were  found  during  recent 
experimental  work  with  the  prototypic  size  test  rig.  Preliminary  analy- 
tical evaluations  of  various  types  of  liquid  metal  current  collectors 
bel'ov °rqUe  COnverter  and  motor  applications  were  completed,  as  described 


1.3. 3.1  SEGMAG  Collectors 

Collector  performance  during  retesting  of  SEGMAG  was  essentially  the 
same  as  in  previous  runs,  with  one  notable  exception.  No  instability  in 
the  annular  gap  NaK  flow  was  found  at  90,000  amperes  (as  had  been  pre- 
v ously  observed),  nor  even  to  a significantly  higher  level  of  110,000 

The,tt;eoretica1  P?wer  los*  and  expulsion  pressure  expressions 
? ? 2 current  collectors  of  the  SEGMAG  type  were  modified 

5 for.|°  ld~  1cluid  contact  resistance.  Based  on  anticipated 
levels  of  specific  contact  resistance,  the  SEGMAG  collector  design 
appears  to  be  near  optimum  in  regard  to  minimum  power  loss. 
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1 .3.3.2 


High  Speed  Collectors 


and  associatRd  drawings  which  encompass  required  modifica- 
tions of  the  current  collector  test  stand  for  future  tests  were  completed 
Through  recent  experimentation,  plating  the  solid  contact  surfaces  with 
nickel  imparts  very  significant  beneficial  effects  ?o  collector  per 

colTector  fi^^caTh-r I^i^i f°  SEGMAG  type  machines  delude  improved 
onector  filling  capability  (collector  preheating  is  no  longer  rpouiredl 

and  lower  contact  resistance  (higher  machine  efficiency).  rec<uired> 

1.3. 3. 3 Flooded  Collectors 

conductinaSKf1e»^>ele,'n,fne  ’V  nfloocled  9ap"  motor  having  « super- 
conducting  (SC)  excitation  magnet  may  offer  an  advantage  over  machines 

40  OOtFhTsr temperature  (NT)  winding  magnets.  In  the  analysis,  a 

mar  hi  nr>  P Th  crh  uWas  compared  with  a previously  desiqned  8,000  hp  MT 

opiate 'with 1S  h6aVir  P5r  Unit  power  0UtP'Jt>  but  does  not 
not  a Dnea r tn  eIflCIency-  Based  on  this  comparison,  there  does 

?P.  ° b?  an  advantage  in  the  use  of  superconducting  magnets  in 

flooded  gap"  disk-type  homopolar  machines.  9 

1.3. 3. 4 Unflooded  Collectors 

More  than  25  concepts  were  developed  for  unflooded  reversinq  current 
collectors.  These  were  evaluated  with  the  previously  def  Zl  crUoria 

check  1st  to  determine  feasibility.  Three  concept  were  sele  ted  a 

feasible  and  will  be  further  developed.  These  include  a hydrostatical  Iv- 
posi tioned  collector,  a collector  utilizing  hydrostatically-positioned  V 
seals,  and  one  utilizing  lip-type  oil  seals.  Further  study  Urecow- 

deve^pment  e areaS  °f  elect™a9netic  retention  and  new  materials 


1 .3.3.5  Hybrid  Collector 

presented  aThpthvhrfHanalytlCfal  HUdy  °f  the  hybrid  collect°r  are 
presented.  The  hybrid  current  collector  consists  of  a series  of 

clearance  with  th^ 11c,uid  meta1  and  utill‘ze  inherently  small 
m 1 tb^th  ?t!?r  3 nd  1 a 6yr i n t h -bu f fer  gas  seals  to 

suDDorHnl1?^-!?013]  ]eak3qe-  The  study  included  considerations  of 
hydroslatir  , pad  SSS^f^wntillll  requir™ents-  ***** 

, ; I ,udi  corn  iyur  dt  i on , power  losses  anri  l-innirl 

feasib!ePU  AreasPforSUt"eS*  Anal  »«“»*  the'  hybrid “coll ec to?  aZrs 
G‘f  ?rf?S  f°  concern  center  around  magnitude  of  hydrostatic 
liquid  metal  flow,  power  losses,  and  liquid  metal  leakage  Additional 

these^oncernsl  ^ 30  experimenta1  pr°9ram  is  required  to  resolve 
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1.3.4  Liquid  Metal  Support  Systems 

Liquid  metal  support  systems  performance  during  the  SEGMAG  test  proqram 
was  satisfactory.  NaK  loop,  cover  gas,  material  selections,  coolant 
oops,  instrumentation,  and  current  collector  performance  were  good. 

A method  of  utilizing  a single  NaK  recirculation  and  supply  loop,  for  20 
or  more  current  collectors  is  being  analyzed. 

MaveHialS  cor'.ipa t1 bi  1 ity  study  program  of  machine  materials  with  NaK 
and  NaK  decontamination  products  has  been  completed,  and  optimum 
material  selections  noted. 


A ia-In  technology  review,  including  property, 
handling,  maintenance,  and  decontamination  and 
being  prepared. 


material  compatibility, 
safety  practices  is 


1.3.5  Seal  Studies 

No  work  was  scheduled  for  this  report  period. 
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SECTION  2 
MACHINERY 

7.1  SEGMENTED  MAGNET  HOMOPOi.AR  MACHINE  (SEGMAG) 

2.1.1  Objectives 

The  objectives  of  this  program  are: 

ly  To  demonstrate  the  technical  and  economic  feasibility  of  the 
Segmented  Magnet  Honiopolar  Machine  concept,  which  offers  an 
e ricient,  lightweight,  low  volume  design  with  potential  appli- 
cations over  a wide  range  of  speeds  and  power  ratings. 

2)  To  provide  a test  vehicle  for  evaluation  of  the  current  collection 
systems,  containment  seals,  and  liquid  metal  handling  systems 
developed  in  previous  subassembly  testings. 

The  demonstration  SEGMAG  unit  (rated  3000  HP,  3600  RPM)  will  subject 
the  current  collectors  to  current  densities,  leakage  flux  and  other 
conditions  associated  with  operation  in  a machine  environment.  In 
add  tion,  the  unit  will  provide  for  long-term  testing  of  current- 
collectors,  their  attendant  support  systems  and  the  machine  itself 
to  develop  operational  data  for  liquid  metal  machines 


2.1.2  Prior  and  Related  Woi 

rni'rhinpM2ithnnfePt  was . devel °Ped  to  provide  a high  performance  DC 

with' out  requiring  superconducting  magnet  excitation.  This  low 

for  hinh  r 1ne’  US-ng  r00nl  temperature  excitation,  has  capability 
n 9 outPul  Per  unit  weight  and  volume.  The  modular  construct^ 
alows  for  higher  outputs  by  using  many  modules  connected  in  series 

in  another  °f  thJs  ma^hine  ba)(e  been  investigated  thoroughiy 

in  another  U.S.  Government  Contract  (N000  14-72-C-0393) . 

The  demonstration  SEGMAG  machine  design  was  completed  in  January  1974 
Eabncation  of  the  machine  was  completed  in  May  1974.  The  machine  was 
assembled  and  installed  on  the  test  stand  on  May  24,  1974  Followinq 
thenm^h°n  °t  t[!e  ^bs^stems’  machine  decontamination  and  system  checkout 
o the  ler  fhn010^  t6St  Program  was  initiated.  The  initial  portions 

Held  rotor  r6  executed  successfully.  These  tests  included  slow 
speed  rotor  test  to  insure  proper  assembly  and  high  speed  machire  test 
to  deveiop  the  vibration  signature  of  the  SEGMAG.  In  addition,  the 
speed"6  nCtl°n  and  windage  losses  were  determined  as  a function  of  machine 
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initial 

achieved  n,Q  ^ of  90’000  amperes  and  iq  ,1  AG  deration. 

tte  "*«  s 

OecontL^fna^a'o^^a^ gh?fod^"|SGmbl ed  ^ ''-Pected. 

^vera,  ^cations  were  undertaken 

Insulation  in  the  collector  region  to  i,„ 

. A strli„  ,n,pr0ve  NaK  containment. 

Power  measurements^6'"  °"  the  rotor  shaf‘  to  improve  torque  and 
performance the  ^ 9ap  conf'9oration  to  improve  the  machine 
2.1.3  Current  Progress 

changes^ere^made  a^fXl™  ^ series  several  minor 

” ^eses!n  and  Heonietr-V  was  modified  in  order  to  reduce  parasitic 

2)  The  current  col  lectors  were  silver  plated  to  „ 

short-cTrcun?6/6' l^lpPPV^PPpa,ppasarements  V"SSpU"  '°SS  Were  Seated 

‘ teStS  W6re  th6"  PerTormed ^wi tiPthese 

f^inTto  and  20  8 volts  Co 

6Ve  °f  3000  horsepower)  3 '"ne'm*r  a 

' S;s “ s,r; ~ 
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Fig.  2.1.1:  SEGMAG  Generator  - The  current  collector  terminals  are  shown 

in  the  foreground.  The  leads  to  the  excitation  coils  are  on 
top. 
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Fig.  2.1.2:  SEGMAG  Generator  on  its  test  stand  - The  drive  system  and  gas 

purification  system  are  both  on  the  right.  The  six  NaK  purifi- 
cation and  supply  loops  are  below.  To  their  right  are  the  gas 
subsystems  for  i ntercollector  pressure  balancing  and  shaft 
sealing. 
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Machine  efficiency  of  92.5%. 

*“«»  ">««  •«■  t^operate^wi th 

ampe^rt^r^nlt^r9"  1 mpr°vements  caPable  of  producing  93,300 
amperes  at  30  volt,  (power  rating  = 3750  horsepower)  with  97% 

efficiency  within  the  volume  of  the  present  machine. 

Verification  that  the  technology  base  developed  earlier  in  the  nroaram 
could  be  successfully  implemented  in  an  operating  machine  P 1 


2. 


1 


Detailed  Progress  Report 


The  MAC  was  modified  to  reduce  parasitic  losses  by  increasing  the 

- act? ve"l eng t'hT  ?n"a HS-iCUnlfe’,f"tial  9r00Ves  1n  the  5tator  and 
active  lengths.  In  addition,  the  current  collector  surfaces 


rotor 


z^z  - sas 

Bef°r-0  introducing  NaK  into  the  machine  viscous  and  friction  losses 
were  determined.  Calibrations  of  instruments  to  measure  shSfttoraue 
at  operating  temperature  were  completed.  P 

tha  Prf1ous  test  programs  and  consisted 
t injecting  NaK  into  each  collector  at  zero  speed  to  redefine  onerai-inn 

Procedures  for  the  NaK  supply  loops.  All  NaK  supply  lines  were  operated 
for  an  extended  period  following  stabilization  to  insure  that  al ? 
oxides  were  removed  from  the  lines  and  the  machine  internals 

teslr'jh9  Srn?iSSIUl  COnclusion  of  the  zero  speed  NaK  supply  system 
f^llinn  hnn^!le  °r  “^.operated  with  the  rotor  rotating  to  develop 
t , 9’  0Peraf) °oal  and  withdrawal  procedures  for  the  system  These 

tests  were  required  to  insure  that  the  silver  plating  had  not'signifi- 
cantly  affected  the  current  collector  operating  characteri sti cs  9 Each 
co  ector  was  filled,  operated  and  dnined  i ndi  vi  d a y The  fi' 1 1 e 

^nneCt0rf  Te  °Perated  at  Vdrious  sPe^s  to  the  design  speed  of 
3000  rp n to  determine  the  current  collector  viscous  losses  as  a 

tlTthi?!!  °f  SP6ea'  Thk  measured  losses,  were  similar  in  magnitude 
to  those  measured  on  the  current  collection  test  stand.  Losses  were 

etermined  by  measuring  the  power  input  to  the  test  stand  drive  motor 
^subtracting  previously  measured  machine  friction and  windage 
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Tf'^neJt  S?re!  °f  !^tS  entai1ed  operation  of  the  machine  with  all 
current  collectors  filled.  The  purpose  of  this  test  was  to: 

• Develop  operating  procedures  for  SEGMAG  with  all  collectors  filled. 

• develop  shutdown  procedures  from  a condition  of  full  speed  operation. 

• Measure  viscous  losses  of  the  machine  with  all  collectors  functioning. 

• Develop  operational  procedures  of  the  test  stand,  SEGMAG  and  all 

support  systems  with  all  collectors  filled. 

The  tests  showed  that  all  collectors  could  be  filled  and  operated 

successfully  at  various  machine  speeds  with  little  or  no  leakage  from 

’ec“  ector  area-  Collector  leakage  was  measured  by  collecting  NaK 

Al'thonnh  *fj™ulated  1 ? tbe  machine  drains  lo«ted  between  collectors. 

1 though  little  or  no  leakage  was  measured  during  extended  constant 

currentTol  i pr tn  was.detected  durin9  ™chine  startup  and  initial 

current  col  lector  filling.  As  operating  procedures  were  finalized 

and  as  personnel  became  familiar  with  the  operating  characteristics  of 
the  machine  and  support  system,  the  collector  leakage  decreased  during 
transient  operation  such  as  filling  and  withdrawal.  9 

?e}Iel °PS^  t0  fi11  the  co1  lectors  with  NaK,  and  to 
"nta  the  filled  condition  with  only  very  minute  NaK  spillage  from 

at  fiSS  ipSt0r/Sa-  -The  m°St  ^uccessful  technique  was  to  inject  NaK 

3?:?  f ^ t0  ?50C  PH°r  t0  f111ing’  in  accordance  with  operational 
data  developed  on  the  current  collector  test  stand.  The  flow  rates 

used  were  approximately  250  cc/min.  The  viscous  losses  in  the  col- 
lector were  found  to  be  72  kw  for  the  machine  at  3600  RPM.  The  increased 
v scous  and  magnetohydrodynamic  losses,  compared  with  earlier  test 

environment! mentS  attHbuted  to  desi9n  differences  in  the  machine 

In  the  open  circuit  test  the  three  modules  were  connected  in  series, 
with  fuses  utilized  between  modules  for  protection  in  the  event  of  an 

5 o'1!  r 6™1  *hort  circuit-  fuses  were  never  blown,  indi- 
cating that  the  insulation  which  had  been  applied  was  adequate  to 
prevent  such  shorts.  H 

machTne^oUage055  ^ n'°dUle  ^ monitored’  in  Edition  to  the  full 


Two  types  of  short  circjit  tests  were  performed.  In  the  first  the 
center  moduie  was  shorted  and  the  end  modules  left  open  In  the  other 
the  end  modules  were  shorted  and  the  center  module  left  open.  h 

20e8^!tsU,n  dChi6Ved  WaS  107’°00  ampereS  With  3 voltage 

Ite?finnleCt°rSnPerfcn,ied  we11  durin9  the  steady  state  machine  testing 
t 00  rpm.  During  transient  operation  and  at  low  speed,  some  NaK 
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leakage  was  experienced.  A more  detailed  description  of  current 
collector  performance  during  the  test  will  be  presented  in  Section  4. 

The  mechanical  performance  of  the  rotor  was  excellent  over  the  entirp 
speed  range.  Vibrations  were  below  2 mils  except  at  2700  rpm  where  a 
known  frame  resonance  increased  them  to  5 mils.  P 

Friction  and  windage  losses  were  measured  at  various  speeds  to  3600  rnm 
where  the  loss  was  only  about  2 kw.  P rpm 

M""9  system,  wUf,its  associated  pre-heaters  functioned  properly 
7C Jr  nr  hetCU^??F  co1  ectors  above  ttle  critical  temperature  of 
r s ! them  w,  th  NaK.  The  collector  operating  tempera- 

tures  was  90-100  C at  armature  currents  above  70,000  and  90,000 

amperes  in  the  center  and  end  modules  respectively,  and  the  collector 
performance  was  satisfactory.  tuntctor 

W?th  ™f^deJcro?S"  W3S  exce,,ent  dur,ng  tte  -tire  program 

Iahcl,?netaper^™aenceUrfn9  ^ teSt  Pr09ram  “5  a"a,y«d  to  d^™<™ 

Table  2.1.1  presents  a summary  of  the  losses  observed  during  the  ooen 
mUw aihSh^t^,rCUFt'  a?d/otational  tests  of  SEGMflG  and  comparef 
durino  the  on9'nal  design  objective,  b)  the  test  data  obtained 

wHh"addi ti onal  ^ CaPab,',Uy  Cf  ^ P—" ‘ design 

“Ss^tloT*6  tPSt,'n9  WPre  C0"’Parad  “ith  d-9n 

• wJndin^Joul^  Losses.  These  arise  from  losses  in  the  armature  and 
excitation  winding.  The  collector  temperature  required  for  success- 
ful NaK  containment  (>  75°C)  was  unexpectedly  high,  increasing  the 
average  winding  temperature  by  about  50°C.  This  resulted  in 
higher  losses  of  about  10  KW  (or  0.56%  in  machine  efficiency) 
because  of  the  winding  temperature  coefficient.  Higher  than 

SSl0Siein  including  eddy  current  and  pulsation  effects 

<; tnnH  a n addl ^ 0na  . 1 0 KW-  The  source  of  these  losses  is  now  under- 
stood and  can  be  eliminated  in  future  designs. 

* gl-lector  Losses.  These  are  a result  of  viscous  drag,  magneto- 
hydrodynamic  effects,  and  contact  resistance.  Their  net  sum  during 
the  test  program  was  about  40  KW  higher  than  expected.  The  increased 
viscous  and  magnetohydrodynamic  losses,  compared  with  earlier  test 
stand_ experiments,  amounted  to  about  19.6  KW  (or  1.1%  in  machine 
efficiency)  and  resulted  from  design  differences  in  the  machine 

qnVnnnnrnent‘  (?ontact  rGS1  stance  loss  during  the  steady  state 
90,000  ampere  test  totaled  approximately  19  KW,  which  represents  an 
efficiency  penalty  of  about  1.1  . Previous  experimental  work 
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TABLE  2.1.1  - EFFICIENCY  TABULATION 


Design 

Loss , KW 

Desi gn 
Objecti ve 
3000HP 

Test  Run 
Da  ta 

20V,  90,000A 
2400HP 

Present  Desi gn 
Capabi 1 i ty 
24V,  93 ,30«JA 
3000HP 

Winding  Joule 

49.2 

70.3 

50.3 

Col  lector 

32.1 

72.4 

30.0 

Mechanical  Friction 
and  Windage 

2.^ 

2.0 

2.0 

Total , KW 

83.9 

144.7 

82.3 

Rating,  KW 

2240 

1800.0 

2240.0 

Input,  KW 

2324 

1945.0 

2322.0 

Efficiency,  % 

96.4% 

92.5% 

96.5% 

. 

during  this  program  indicates  that  contact  resistance  losses  can  be 
limited  to  about  6.3  KW  under  ideal  conditions.  Additional  work  is 
needed  to  reach  these  levels  in  a practical  machine.  Moreover,  known 
design  changes  are  required  to  reduce  the  viscous  and  magnetohydro- 
ciynami c losses  tc  expected  levels. 


The  projected  capability  of  the  present  SEGMAG  machine  after  incor- 
porating known  modifications  from  the  ongoing  current  collection 
technology  program  is  given  in  column  3 of  Table  2.1.1.  The  proiected 
improvements  will  come  mainly  from:  P J 


• Reduction  of  current  collector  operating  temperature. 

• Elimination  of  stray  losses. 

• Reduction  of  viscous,  magnetohydrodynami c , and  contact  resistance 
losses . 


The  test  program  has  identified  several  areas  that  require  further 
investigation.  These  are  common  to  all  homopolar  machines  usinq  liquid 
metal  current  collectors.  Solutions  have  been  formulated  and  the  necessary 
experimental  investigations  are  underway; 
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1) 


Cil.r^eri,t-  Collector  Critical  Temperature.  All  of  the  rnlWtn^c 

dTTe^S  tempera tureCphenomenon 

JT?  V !nked  t0  velocity.  Below  the  critical  ternperatu  e the 
collector  is  unstable,  and  it  appears  that  the  NaK  stream  is' 
fragmented  in  the  collector  annulus.  To  overcome  this  problem 
he  collectors  must  at  present  be  preheated  to  80-90°C  causing’ 
the  machine  cooling  system  to  be  derated. 

Potential  solutions  include; 

• Improved  collector  configurations  to  improve  NaK  stability  at 

low  temperatures.  y 

• Use  of  direct  rotor  cooling  to  control  rotor  collector 
temperature  and  increase  the  machine  current  rating. 

• Use  of  alternate  cover  gases  or  reduced  pressure  to  reduce 
gas  entrainment  in  the  NaK. 


an 


2)  po»tact  Pesi sjtance.  Test  results  have  shown  that  the  contact 

eloarical  surface  and  the  NaK  represents 

electrical  loss  that  can  materially  affect  machine  efficiency. 

Potential  solutions  include: 

* unders^andjng  of  the  chemical  nature  of  the  interface 
in  NaK  cuiient  collectors. 

• Reduction  of  outgassing  from  constructional  materials  by 
alternate  materials  choices  or  by  application  of  a sophi  sti  catec 
pre-operation  outgassing  procedure. 

• ^rr^rrrS^teX^  coatinss  wMch  d° 

* m SaVfoopCsJsSitiVeS  " the  "aK  “Mch  d°  not  contama  nate 

!l  Current  Collector  Performance.  Distinct  differences  were 

theses"  snM  " pe^on,na"«  °f  Collectors  in  SEGMAG  and  in 
the  tes.  stand  - particularly  the  occurrence  of  hiqher  viscous 

os'eof'iNaKri  ,nnStairitieS  in  the  lnachine  wh'ch  resulted  in 
loSo  of  NaK  from  the  collectors. 

# Ii1ahC^eeHU^i?n  CUrM?t  collection  technology  development  fo 

st^ndinn  nf  eCt?r  5”  provlde  for  more  detailed  under- 
standing of  the  collector  performance,  leading  to  substantial 

improvement  in  NaK  containment  and  reduction  of  viscous  losses. 
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41  Very  small  physical  defects  in  the  insulation 

on  the  conductors  and  windings,  such  as  pinholes,  resulted  in  shorts 

p^obfe-rs^5  W16n  contaminated  with  NaK>  causing  some  mal -operation 


• Considerable  attention  must  be  addressed  to  this  problem  in 

uture  machines  so  that  some  NaK  spillage,  ejection,  or  aerosol 
can  be  accommodated  within  the  machine  because  the  content  of 
organic  insulation  must  be  restricted  to  limit  the  potential 
effect  on  current  collector  contact  resistance. 


Following  the  completion  of  this  test  series, 
inspected.  Several  modifications  are  underway 
next  series  of  tests  scheduled  for  mid-1975: 


SEGMAG  was  decontaminated 
in  preparation  for  the 


and 


• Parasitic  losses.  The  air  gap  was  redesigned  to  increase  the 
circumferential  reluctance. 

• Increased  insulation  is  being  provided  to  prevent  pinhole  shorts 
i n the  machi ne  bore. 


• The  collector  surfaces  have  been 
the  NaK.  Based  upon  the  current 
Section  4,  this  should  eliminate 
prior  to  machine  operation. 


nickel  plated  to  improve  wetting  of 
collector  work  described  in 
the  need  to  heat  the  collectors 
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2.2  GEC  GENERATOR 
2.2.1  Objectives 

The  General  Electric  Company,  Ltd.,  of  England  has  developed  an 
experimental  homopolar  generator  which  utilizes  a Gain  current  collection 
system  his  generator  employs  an  electrochemical  purification  system  to 

nfe  PU,  ity  °f  the  .void  the  "buck  powder" 

problems  of  previous  investigators  who  used  this  metal.  ARPA  has  aooroved 

of  th;j  generator  for  experimental  evaluation  under  the  Cpn  Tact 
The  machine  will  be  used  to  provide  operating  and  technical  experience  wth 

st  die  ,C0KneCtSr  a"d  *°  supplement  the  main  experimental  ' 

studies  which  will  be  conducted  with  NaK.  This  experience  is  expected 

let  Is"  ?3h  Vn'br!aHdenin9  the  SCOpe  0f  the  prog"am  beyond  the  alkali 
ttals;  The  physical  design  of  the  machine  and  its  performance  will  be 

investigated  thoroughly,  and  the  unit  may  also  be  employed  as  a high  current 
dc  source  in  the  current  collector  test  program.  9 


2.2.2  Prior  and  Related  Work 

Liquid  metal  current  collection  systems  have  a high  potential  to 
function  efficiently  with  long,  trouble  free  life  in  the  face  of  high 

poUr^machinnsTif ‘t h°adH  ^ !T9h  ™tatl'0,’al  sPeei1s  conceived  for  h™o- 
polar  machines  of  the  advanced  segmented  magnet  design. 

Based  on  extensive  study,  NaK-78  was  selected  as  the  best  liquid  metal 

sel'ected^as1  thl Sy-d  in  th°  SEGMAG  machine’  a"d  Gain  was 
selected  as  the  alternate  choice. 

Since  Gain  has  been  identified  as  the  back-up  choice  to  NaK,  the  ability 
to  work  with  and  study  a functioning  Gain  unit  is  expected  to  be  highly 
instructional  in  the  general  sense  and  also  to  shorten  any  subsequent 
development  effort  with  Gain.  1 ru 

Based  on  an  extensive  search  of  the  market  we  have  concluded  that  the 
fnr  1S  the  best  vehicle  to  provide  the  Gain  experience  needed 

or  this  program.  No  other  liquid  metal  machine  in  the  world,  to  our 
knowledge  has  operated  continuously  longer  than  40  hrs  without  mainten- 

»n  ^ ,Iherefore’  this  ^chine,  which  has  operated  up  to  1000  hours  with 
no  problems,  represents  a unique  development. 

The  GEC  generator  is  a vertical  shaft  machine  utilizing  Gain  liquid 

1 r nnneUteCtlC  S lp  nng  contactor.  The  generator  is  rated  at 

16,000  amperes,  8 volts  when  driven  at  3400-3600  rpm.  Figure  2.2  1 
displays  scheinatical  ly  the  GEC  generator  vertical  shaft  concept! 
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fhe  Gain  purification  cell  was  severely  damaged  in  shipment.  A replace- 
ment cel  was  fabricated  by  Westinghouse  using  detailed  drawings  fur- 
nished by  GEC  Company.  H 

The  GEC  generator  test  stand  was  completed  in  Phase  II,  and  the  machine 
was  installed.  The  test  stand  is  powered  by  a 50  HP  1750  rpm  AC 
machine,  and  a drive  train  provides  speeds  of  1800  and  3600  rpm. 

Installation  of  the  auxiliary  equipment  was  completed,  including  cover  gas 
cooling  water,  and  instrumentation.  The  GEC  machine  was  then  successfully 

tested  to  verify  its  performance  and  to  study  the  Gain  current  collector 
s vs  tpin 


The  following  are  the  four  basic  tests  performed  on  the  GEC  machine: 

1)  An  open  circuit  test,  to  determine  no-load  voltage  and  current  collec- 
tion magneto-hydrodynamic  losses  as  a function  of  field  current. 

?)  A machine  short  circuit  test,  to  determine  the  I^R  losses  in  the 
machi ne. 

3)  A motor  test,  to  measure  the  vibration  levels,  magnetohydrodynamic 
losses,  and  coastdown  time. 

4)  An  endurance  test,  to  confirm  the  performance  capability  of  the 
machine  and  its  auxiliaries  over  a long  time  period.  Liquid  metal 
loss  rate,  cell  performance,  argon  contamination  and  seal  performance 
were  monitored. 


The  test  results  obtained  from  this  program  have  enat/led  the  machine 
losses  to  be  segregated  into  three  categories: 

• Machine  friction  and  windage  losses  with  Gain  in  the  collector. 

• MHD  losses  due  to  leakage  flux  in  the  current  collector. 

• Joule  heating  losses  due  to  current  flow  in  the  machine. 

The  viscous,  friction  and  windage  losses  were  determined  at  various 
speeds  and  zero  excitation  by  measuring  the  input  power  to  the  coupled 
drive  motor.  The  difference  between  this  power  and  the  uncoupled  drive 
motor  losses  at  each  speed  determined  the  generator  losses.  The  friction 
and  windage  losses  cannot  be  separated  from  the  liquid  metal  viscous 
losses  because  gallium  indium  could  not  be  completely  excluded  from 

the  collector  areas  during  the  test  to  measure  friction  and  windaqe 
losses.  y 
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rnaiaLPs?S?hIIr’„the  f“pta"ce  ‘ests  "ere  successfully  performed  in 
Westing  J Th  C,enera  f’ectnc  Company,  Ltd.,  and  witnessed  by 
w stinghouse  personnel.  These  tests  consisted  of  open  circuit  short 
i cuit,  generator  load,  motor  and  an  endurance  test.  The  proper 
operation  and  maintenance  of  the  unit  were  also  demonstrated. 


Dwij.  6251A96 


liquid  metal 

SLIP  PINGs 


Fig.  2.2.1:  GEC  vertical  shaft  homopolar  machine  schematic 


P-12 


E.M.  4/05 


LdT.  d f determined  dun  ng  open  circuit  tests  at  various 

n n d [ d curr^ntS-  The  power  losses  ^creased  with  speed  due 
tc  viscous  losses,  and  with  excitation  due  to  the  interaction  of  leakaae 
flux  with  currents  induced  in  the  liquid  metal  of  the  collector  These 

s^fiLnt^h/’h  ^ leakage,flUX  resulted  in  losses  that  became 
significant  at  higher  speeds  and  excitation  levels. 

The  i;R  losses  were  determined  by  the  short  circuit  tests.  The  sum  of 
friction,  windage  and  viscous  losses  were  subtracted  from  the  power 
osses  measured  during  short  circuit  to  determine  joule  heatinq  losses 

marh’npnifihlnH'  -The  ?HD  lo?ses  were  neglected  because  of  the  low 
machine  flux  during  short  circuit. 


The  losses  measured  during  the  test  program  at  3600  rpm  are: 


Viscous,  friction,  windage 

MHO 

I2R 

Total  losses 


6.2  KW 

1 .0  KW 

7.0  KW 
14.2  KW 


«eJ°°  S'  ?EC  raacM"!  th®  overan  calculated  machine  efficiency 
was  85.8%.  At  lower  speeds  the  efficiency  rises  to  a level  approaching 


The  Gain  liquid  metal  was 
during  the  entire  test, 
program  with  no  evidence 


purified  by  an  electrolytic  regenerative  cell 
The  cell  performed  well  during  the  entire 
of  Gain  contamination. 


2.2.3  Current  Progress 

No  work  was  scheduled  on  this  program  during  this  period 
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2.3  EGMENTED  MAGNET  HOMOPOLAR  TORQUE  CONVERTER  ( SMHTC ) 

2.3.1  Objectives 


The  objective  of  this  program  is  to  investigate  the  segmented  maonet 
homopol a r torque  converter  (SMHTC),  within  ?he  framewortof  sow  of  th, 
more  promising  applications.  This  concept  win  then  be  demonstrated  i 
fr^TT  comerter  which  will  operate  at  constant  input  speed  as 
om  a prime  mover),  and  will  provide  variable  output  speeds  in  both 
forward  and  reverse  directions,  at  variable  torque  up  tS  full  power 


ur  objective  in  Phase  I was  to  study  the 
proposed  for  the  SMHTC,  and  the  technical 
developing  the  prototype  machine. 


various  configurations 
problems  involved  in 


(orqlTcoiierLr^1"1  is  t0  be  eV0>”ed  for  the  Prototype 


2.3.2  Prior  and  Related  Work 


ITJTr  nC,ZrSsetbaSiCaVy  °f  tw0  homopolar  machines  connected  as  a 
genet  a tor-motor  set.  Two  basic  configurations  are  being  considered- 

2 an  axia  desinn  USPS-a  genGrator  mounted  within  a motor;  and 

orient'  III  ? v9  whlGh  consists  of  inline  generator  and  motor.  At 
present,  the  inline  configuration  is  preferred. 

are,bein9  considered:  (1)  the  drum- 

type  (otGMAG),  and  (2)  the  disk-type  (DISKMAG). 

and^ina^WfiOnn0^^?  GOntract’  electrical  analyses  of  large  (30,000  HF 
1 H ] lachlnes  were  completed.!  These  were  of  the  drum- 

fraHil?EGM5G  h°  '?P°lar  machlne  configuration.  Two  conceptual  designs 

of  ^ Phase" I' ef for?"6  prepare*  f°r  th°  6°°°  HP  mac^'ne’  as  part 

3600/500eRPMSiUdreS  • ^1  PI?aSe  II]^  have  shown  that  a rating  of  8000  HP, 
d3Hves°2  PPh  IL  ypi^l  °f  potential  applications  to  small  naval  ship 

converter  " 9 W3S  therefore  chosen  for  the  prototype  torqSe 


Previousiy  in  Phase  III,  a number  of  8000  hp  designs  for  the  disk-tvo. 
flooded  gap"  machine  (DISKMAG)  were  investigated  2 power  losses 
machine  fluid  pressures  associated  with  a particular 
design  were  defined  The  major  areas  of  concern  found 
HP  flooded  gap"  design  are: 


and  internal 
"flooded  gap 
for  the  8000 
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• Complex  construction  of  disks  to  obtain  magnetic  circuits  with  low 
axial  and  high  ci rcumferenti al  reluctance. 

• High  machine  power  losses,  attributed  mainly  to  MHD  effects  in  the 
axial  gaps  between  disks. 

• Probability  for  turbulent  rattier  than  laminar  flow  and  high  short 
circuit  losses  in  the  liquid  along  the  flat  side  walls  of  the  machine 
disks.  Reynolds  to  Hartman  number  ratios  >1000  are  calculated  for 
operating  conditions  down  to  30%  of  rated  full  load  speed.  Thus, 

the  assumption  of  laminar  fluid  flow  employed  in  the  axial  gap  power 
loss  expression  is  in  doubt  except  at  low  speeds. 

• A need  is  recognized  for  large  thrust  bearings  and  high  pressure 
shaft  seals  to  assure  a fail  safe  machine  design. 


2.3.3  Current  Progress 

0fCthee5FrMlrd^i9n  iT,-ein9  uprepared  f0r  the  8000  HP  torque  converter 
of  the  SEGMAG  type.  This  machine  will  accept  input  power  from  a gas 

turbine  prime  mover  at  3600  rpm  and  deliver  powe?  to  a propeller  load 

at  variable  speeds  to  500  rpm  in  either  forward  or  reversedirections . 

In  addition,  a conceptual  study  of  a large  (40,000  HP)  DISKMAG 
propulsion  motor  was  performed.  Electrical  design  and  loss  studies 

and%owc^Tnsi^.deVe10P  Confi9urations  f°r  maximum  efficiency 

However,  the  inherent  low  efficiency  of  this  DISKMAG  type  of  machine 

des  ltSnU^e  in  the  aPPllcations  of  interest.  Thus,  the  focus  of 

SEGMAG  fdnmaIvnei1?n  StUdy  W1 1 1 in  the  future  be  concentrated  on  the 
bLbMAG  idrum-type)  torque  converter  configuration. 

2. 3. 3.1  8000  HP  Torque  Converter 

TUdy  W6S  d°ne  t0  optir,li2e  the  design  of  the  8000  HP, 
^odO/500  RPM  torque  converter,  in  terms  of  low  weight  and  size  and 

and  the  TOOO^p'srS  reSUU*  fr°m  the  current  collect°r  test  stand 
and  the  3000  HP  SEGMAG  generator  were  incorporated  in  the  analysis 

to  provicie  a more  realistic  assessment  of  losses  than  had  previously 

been  considered.  In  particular,  provision  was  made  in  each  desiqn 

to  minimize  tooth  ripple  losses  on  the  rotor  and  stator  surfaces9 

resistance'Toss  ^ ^ the  collectors’  including  contact  * 

iarll^LSVi13  tyP!’  ther?  are  a large  nun,ber  of  ^dependent 
HI  ’ a?d  a true  optimization  was  not  possible  in  the  time 

available.  To  further  complicate  the  situation,  the  objectives  of  low 


2-15 


E.M.  4705 

weight  and  high  efficiency  are  not  compatible;  i.e.,  that  which  tends 
to  decrease  weight  also  decreases  efficiency,  and  vice  versa, 
hererore,  a range  of  each  variable  to  be  considered  was  defined  for 
both  the  generator  and  the  motor  part  of  the  torque  converter  Machines 
were  designed  which  covered  the  ranges  of  variables  defined,  and 

tofqruer™nveraterln9S  °f  m0t°rS  5"d  9e"erators  ™de  to  produce 


The  independent  variables  and  their  specified  ranges  were  the  foil 


owi ng : 


Rated  Current 
Current  Density 
Number  of  Modules 
Number  of  Turns/Module 
Rotor  Diameter 


Motor 

150.000- 400,000  Amps 

5.000- 10,000  Amps/i nch^ 

1-4 
1-2 

No  general 


Generator 

150,000-500,000  Amps 
5000-10,000  Amps/inch^ 
1-3 
1-2 

specifi cation. 


Because  the  generator  and  motor  are  not  constrained  to  be  the  same 
in  any  of  these  variables  except  rated  current,  the  total  number  of 
independent  variables  for  a torque  converter  design  is  nine. 

Current  densities  in  the  torque  converter  conductors  of  10,000  amperes 
per  square  inch  were  first  considered.  However,  no  designs  at  this 
current  cIgiis1  ty  were  found  to  have  an  efficiency  greater  than  about 

r'so  e0r^  he  design  current  density  was  reduced  to  5000  amperes 
per  square  inch. 

TaMr?95tiandTilOSSeS  ^pical  deigns  from  this  study  are  shown  in 
ih?  Lti ' Th®  Weights  shown  are  for  the  electrical  components  of 
rnluf  1IeSh'3nd  aTu  n0j,!ntended  t0  represent  the  total  weight  of 
mavPHHH  ?n  \Jhe  add^tl0n  of  Usings,  bearings,  shafting,  etc. 

may  add  20-50  to  the  weights  shown.  In  each  case,  the  rotor  diameter 

variable^  "optimized" , and  thus  has  been  removed  as  an  independen 

Illesimp1r;!^0Wththehd-ffl -uUf  -n  choosing  among  the  various  mauines. 

In  some  cases  the  choice  is  obvious;  for  example,  2-G  is  clearly 

betweenVJi  U iS  "0t  at  a"  obvl'°us  superior 

Various  combinations  of  these  SEGMAG  motors  and  generators  were  combined 
as  torque  converters.  Table  2.3.2  illustrates  a range  of  typical  torque 
converters  resulting  from  this  process.  Once  again,  the  choice  of  an 
optimum  is  not  obvious.  For  a particular  application,  a means  could  be 
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TABLE  2.3.1 

Weights  and  Losses  of  Typical  Machines 
for  an  8000  HP,  3600/500  RPM  Torque  Converter 

Generators 


Machine  No. 

Rated 

Current-kA 

Number 

Modules 

Turns  Per 
Module 

Weight, 

Pounds 

Loss , 
Kilowatts 

1-G 

150 

1 

2 

3,900 

240 

2-G 

150 

2 

1 

3,800 

158 

3-G 

200 

1 

1 

3,500 

147 

4-G 

200 

2 

1 

3,100 

183 

5-G 

250 

1 

1 

3,000 

159 

6-G 

250 

2 

1 

2,900 

207 

Motors 

1 -M 

150 

1 

2 

26,700 

157 

2-M 

150 

2 

2 

22,300 

209 

3-M 

150 

3 

2 

21 ,000 

259 

4-M 

200 

2 

2 

18,000 

255 

5-M 

200 

3 

1 

23,400 

172 

6-M 

250 

1 

2 

17,600 

219 

7-M 

250 

2 

1 

20,600 

156 

8-M 

250 

2 

2 

15,700 

312 
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I 

I 

I 

determined  to  relate  the  benefits  of  a decrease  in  size  and/or  weight  to 
the  penalties  of  a decrease  in  efficiency.  Without  having  such  a 
relationship  in  general,  objectives  were  established  of  an  efficiency 
of  about  *^4  , a weight  of  about  20,000  pounds,  and  o size  compatible 
with  a space  approximately  6 feet  long  and  4 feet  in  diameter.  Torque 
converter  no.  6 comes  closest  to  meeting  these  objectives,  and  thus 
was  chosen  for  the  conceptual  design. 


1 

I 

I 


2. 3. 3. 2 40,000  hp  Disk-Type  SC  Motor  Design  (DISKMAG) 

An  investigation  was  made  to  determine  if  a "flooded  gap"  motor  havinq 
a superconducting  (SC)  excitation  magnet  may  offer  any  advantages  over 
machines  with  normal  temperature  (NT)  winding  magnets. 

The  disks  of  the  SC  motor  were  assumed  to  be  of  solid  copper  in  order 
to  reduce  the  complexity  of  construction  as  well  as  reduce  electrical 
resistance..  Consequently,  without  iron  in  the  disks,  a greater  magnetic 
induction  will  appear  in  the  current  collector  radial  gaps.  The 
expected  increase  in  collector  radial  gap  loss  due  to  the  laroer 
induction  will  be  compensated  to  some  extent  by  the  reduced  ohmic  loss 
i n the  di  sks . 


The  internal  fluid  pressures  and  machine  power  losses  were  calculated  fnr 
a disk-type  "flooded  gap"  superconducting  40,000  hp,  180  rpm  motor  These 

art1C0'"Paref  "Uh  th°Se  0f  a '"“-‘yPe  "flooded  gap"  m 
u(sign  8,000  hp,  500  rpm  motor  previously  studied. 

) 40,000  hp  disk-type  SC  "flooded  gap"  motor  designs  were 

rnnd  ified  dunn9  th:  study.  The  geometrical  dimensions  and  operating 
condHionSgfor  a typical  design  are  listed  in  Table  2.3.3  and  Ulustmed 


msmirtniin?  deScrtp?1on  the  fluid  flow  behavior  in  a "flooded  gap" 

FehHi07c hr  glvc"  the  previous  Semi -Annual  Report,  dated9 

. 975.  Governing  expressions  which  permit  calculation  of  the  marhinp 

seal  pressures  rotor  beariag  thrust  forces,  and  machine “ower  losses 
period!^  ln  the  prev'ous  rePort . were  again  used  during  the  current 


‘h?  ,typica'  hp  DISKMAG  SC  motor  under  consideration, 

which  thp\h?ftWS  l?e  ca1culated  va^es  of  pressure  and  thrust  force 
rcmH c h?ff-SeaiS  and  rotor  bearings  must  withstand  under  two 
ondit  ons  of  liquid  metal  flow.  These  pressures  and  forces  are  siqni- 

fo^Jhe^onn^rN^^t1116  c°rresP°ndin9  ones  previously  calculated 
° Jhe  hp  NT  motor.  This  difference  is  attributed  mainly  to  the 

poweJ^atiTg^  °f  dlSkS  ^ ln  the  SC  machine’  squired  for  the  larger 
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TABU  2.3.3 


Dimensions  and  operating  conditions  for  a typical  design  40,000  hp 
type  S.C.  flooded  gap"  (DISKMAG)  homopolar  motor 


A.  Operati  ng  Condi  tions 


P = machine  rated  power,  40,000  hp 

I = machine  full-load  current,  100,000A 

Bxi  = axial  magnetic  induction  at  inner  collector,  1.44T 

Bxo  = axid1  magnetic  induction  at  outer  collector,  1 .44T 

By i = radial  magnetic  induction  at  inner  collector,  essentially 

Byo  = radial  magnetic  induction  at  outer  collector,  essentially 

w = rotor  angular  velocity,  18.8  rad/s  (180  rpm) 

Bx  = axial  magnetic  induction  in  disks,  1 .44T 

B-  Geometrical  Design  (rectangular  cross-section) 

Rs  = shaft  radius,  .206m  (8.11  in) 

Ri  = radius  of  inner  collector,  .220m  (8.68  in) 

Ro  = radius  of  outer  collector,  .675m  (26.6  in) 

Wi  = width  of  ^ner  collector,  .0140m  (.55  in) 

Wo  = width  of  outer  collector,  .0140m  (.55  in) 

di  = radial  gap  of  inner  collector,  1.27  x 10"3m  (0.05  in) 

dQ  = radial  gap  of  outer  collector,  1.27  x 10"3m  (0.05  in) 

N = number  of  disks,  54 

G = axial  gap  between  rotating  and  stationary  disks,  1.40  x 10'3 
R5  = 0uter  radl us  of  machine,  0.956m  (37.6  in) 

L = machine  length,  2.14m  (84.3  in) 

Sp  = specific  power  = 0.63  hp/kg  (0.29  hp/lb) 

C . C QJ]St a_n t s_ j n d N a K Physical  Prope r ti es  {%  1 00 °Cj 

f(6<l)  = Fanning  friction  factor,  smooth  surface,  0.7  x 10'2 
f(i  1)  = Fanning  friction  factor,  roughened  surface,  1.8  x 10-2 
p = mass  density,  850  kg/m3 

o = electrical  conductivity,  2.2  x 106  mhos/m 

ek  = specific  contact  potential  (Cu-NaK-Cu),  4.1  x 10_9Vm2/A 

n = dynamic  viscosity,  5.1  x 10"S-s/m2 


di  sk- 


zero 

zero 


m (.055 
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Fig.  2.3.1;  Disk-type  homopolar  machine  (DISKMAG) 


TABLE  2.3.4 

t Sea!  and  Rotor  Thrust  Forces  for  a 

ypical  40,000  hp  Disk-type  S.C.  Motor  (DISKMAG) 


Condi ti on 


Seal  Pres sure,  p 
2 


N/m 


No  Liquid  metal  flow 
through  motor 

Liquid  metal  circu- 
lation by  internal 
centri fugal 
pressure** 


3.32  x 10fc 


(ml 

*481 


Jtotor  Thrust,  Fn 

-n- 


N 


2.06  x I0fc 


6.72  x 10‘ 


(tons ) 
231 .7 

75.5 


'"pressure  above  inlet  pressure,  p 

'To"845agaV™„)ate  (^mU"3  fr1Ct1°">'  S-33  * 10'5  -W 
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Table  7.3.5  provides  a comparison  of  calculated  Dower  losses  fnr  the 
o 000  hp  SC  and  8000  hp  NT  DISKMAGS.  Larger  radial  flosses  fo^ 
the  SC  machine  were  offset  by  lower  machine  tosses,  but  afforded  no 

mnrMne96  !h  reduC1 ng  overa11  loss  rating  as  compared  to  the 
H Jhe  corresponding  axial  gap  and  collector  ohmic  losses 
remained  fairly  equal  (in  percent)  for  both  designs  considered 

designsCenta9e  °f  311  P°Wer  1oSses  was  identl'cal  (4.8$)  for  both 


NT 


The 


Mnhf  c1ency  15  generally  a function  of  machine  weight,  (i  e 

heavier!  ^f^iCa?  ge,nera11^  be  at^ned  by  making  the  machine 
ce  6 calculated  specific  power  for  the  40,000  hp  SC  design 

s 0 63  hp/kg  compared  to  0.69  hp/kg  for  the  8000  hp  NT  design.  Since 
it  is  heavier  per  unit  power  output  than  the  8000  hp  NT  motor  but  does 
not  operate  with  higher  efficiency,  there  does  not  appear  to  be  an 

qap  n<Ji  sk  ^ f 3 su^rconducti  n9  excitation  magnet  for  "flooded- 

gap  disk-type  humopolar  machines. 

TABLE  2.3.5 

Calculated  Power  Losses  for  the  40,000  hp  SC  and  8000  hp  NT  DISKMAGS 


Power  Loss  Mode 

*40,000  HP 

Power  Loss 

**8000  HP  Power 

kw 

% 

% 

Radial  Gap  (Prq) 

424 

30 

6 

Axial  Gap  (Pflg) 

597 

42 

42 

Ohmic  (P  ) 
o' 

173 

12 

11 

Machine  (conductor  + excitation) 

237 

16 

41 

Total 

1431 

100 

100 

% of  Machine  Rating 

4.8 

4.8 

4.8 

*Superconducti ng  (SC)  excitation 

coi  1 . 

**Normal  temperature  (NT)  winding 

exci  tation 

coi  1 . 
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3.0  OBJECTIVES 

Review  and  select  promising  applications  for  the  segmented  maqnet 
homopolar  machines  and  torque  converters. 

Several  of  the  applications  resulting  from  the  Phase  II  application 

be  ^viewed  in  conjunction  with  ARPA,  and  the  most  useful 
application  will  be  selected. 


3.1  PRIOR  AND  RELATED  WORK 

Previous  Technical  Reports  discussed  a number  of  applications  which  are 
potentially  feasible.  All  of  them  were  contingent  Spin proper lotion 

transmit^mNUa0  leCit1°il  problem>  The  Problem  of  using  liquid  metal  to 
!vnm  sl,™lbaneous1y  large  quantities  of  electrical  current  and  heat 

° e arTatUre  must  be  SC'lved  in  a rell'able  and  safe  fasnion 

to  realize  these  applications.  In  addition  many  applications  require  the 

Cnll-21' °Kni0f  Current  at  l0W  speed  and  in  both  directions  of  rotation, 
mil  dmab  6 progress  on  the  hydraulic  and  dynamic  aspects  of  the  current 
collecting  system  has  been  made  during  Phase  II  of  this  study  The 

Jo^pL5^655  ?■  currenS  collection  system  provided  encouragement 
and  Hi.anLni!  applications  study.  Prior  studies  revealed  the  advantages 
and  disadvantages  of  segmented  magnet  homopolar  machines  in  qeneral  and 
torque  converters  in  particular. 


3.1.1  Tank  Propulsion  System 

Since  one  of  the  advantages  of  the  SEGMAG  machine  is  smaller  size  for  a 
given  capacity,  an  electric  propulsion  drive  for  a military  tank  was 
investigated.  Electric  drives  for  tanks  have  another  advantage  in  that  they 
provide  a readily  controlled  independent  tractive  effort  to  each  track  over 
the  entire  speed  range.  The  present  system  uses  a hydraulic  couplinq  and  a 
gear  unit  which  has  the  disadvantages  of  a fixed  number  of  gear  ratios  and 
space  constraints  due  to  the  mechanically  interconnected  components.  The 
electric  drive,  on  the  other  hand,  permits  smooth  control  of  torque  over  the 
en  ire  speed  range.  Historical ly , however,  electric  drives  tended  to  be 
larger  than  mechanical  drives  due  primarily  to  the  required  motor  torque 
capacity  at  low  speed.  H 

analyzed ^ 9ati0n  ^ Uti1izing  SEGMAG  machi"es  for  the  XM-1  tank  was 
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Tractive  effort  (TE)  basically  sets  the  torque  and  volume  of  the  drive 
motors.  The  maximum  TE  is  specified  normally  as  equal  to  the  vehicle 
weight.  The  continuous  TE  or  the  point  for  which  the  transmission 
cooling  system  is  rated  occurs  at  a coefficient  xJf  friction  .5  or  50% 
of  the  vehicle  weight. 


For  a 60  Ton  tank  the  maximum  TE  is  120,000  lbs  and  the  continuous 
rating  is  60,000  lbs.  Above  60,000  lbs  the  duration  of  the  operation 
is  a function  of  the  thermal  time  constants  of  the  transmission.  On 
ard  surface,  the  continuous  rating  point  corresponds  to  operation  on 
about  a 50  slope.  This,  of  course,  is  not  a condition  that  exists  for 
ong  periods  in  practice.  However,  extended  periods  of  operation  in  clay 
or  mud  are  encountered  which  require  1000  lbs  of  TE  per  ton  of  vehicle 
weight  - the  same  loading  condition. 

The  power  of  the  present  generation  of  tanks  is  selected  on  the  basis  of 
acceleration  capability.  This  is  in  contrast  to  earlier  criteria  when 
the  measure  of  performance  was  speed  capability  on  steep  grades. 
Acceleration  is  the  area  of  greatest  concern.  Although  present  day 
tanks  have  maximum  TE  capabilities  of  2000  lbs/ton,  during  an  acceleration 
from  zero  speed  the  torque  transferred  to  the  drive  sprockets  does  not 
exceed  about  500  lbs  per  ton.  The  accelerating  tractive  effort  is  reduced 
oy  the  ability  to  accelerate  the  engine  under  load  and  again  by  the 
energy  required  to  accelerate  the  rotating  parts  of  the  drive. 


Therefore,  the  WK  of  an  electric  transmission  is  a critical  area.  The 
generator  WK^  must  be  considered  at  the  engine  shaft  and  the  motor  WK? 
must  be  viewed  at  the  drive  sprocket  through  the  output  gear.  The  other 
parameter  a f fee t4tig  acceleration  is  the  load  placed  on  the  enqi ne  by  the 
transmi  ssion  at  the  time  the  engine  is  attempting  to  accelerate. 

The  XM-1  is  a 58  Ton  tank  which  is  basically  the  M-60  with  improved 
performance.  The  top  design  speed  is  45  mph  which  could  only  be  used 
comfortably  on  hard  surfaces. 

Continental  is  providing  a 1500  hp  diesel  engine  which  drives  through  a 
mechanical-hydraulic  transmission.  It  employs  a hydraulic  torque  con- 
verter in  conjunction  with  a four  speed  gear  transmission.  A certain 
speed  range  is  covered  by  each  gear  ratio.  In  the  lower  portion  of  each 
speed  range  the  converter  is  in  operation.  At,  say,  the  midpoint  of  the 
range  the  converter  is  locked-up  and  the  system  operates  as  a mechanical 


With  this  type  of  drive,  the  power  delivered  to  the  drive  sprocket  peaks 
at  four  points.  At  other  speeds  the  power  is  reduced  either  due  to  the  losses 
in  L.he  converter  or  because  the  engine  is  overloaded  or  both.  The  peak  power 
is  about  85%  of  rated  even  at  lock-up  because  of  hydraulic  spin  losses  in  the 
transmi ssion. 


{ 


-> 


i 
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Considering  that  the  SEGMAG  system  could  achieve 
^0-95  , the  steady  state  performance  is  clearly 
range  of  vehicle  speed. 


efficiencies  between 
improved  over  the  entire 


Several  machines  were  considered  for  this  drive 
presented  in  the  following  table: 


the  pertinent  data  being 


Generator 

Motor  (2  req'd. 

Ra  ti ng , hp 

1500 

750 

Speed,  rpm 

3000 

450/2880 

Di  a . , in. 

27 

36 

Length,  in. 

34 

35 

Wt.,  lbs 

5000 

4000 

I fit  C 2®  mach;n^y  evolved  in  these  preliminary  designs  appears 

arranopn pnt  2®  avallabJe  sPace  in  M-l  vehicle.  The  mechanical 
arrangement  of  components  however  would  have  to  be  scrutinized  more 

® y,  ]he  s^steni  wei9ht  of  approximately  16,000  lbs  appears  to  be  a 
slight  handicap  and  would  have  to  be  evaluated  on  the  basis  of  the 
increased  accelerating  capabilities  of  the  vehicle.  The  feasibility  of  - 

rnmnWP  Kar°n  Ca2  0n1y  be  evaluated  after  an  intensive  analysis  of  the' 
complete  system  performance  over  the  required  mission  profiles  and  a 

detaiTed  mechanical  layout  is  completed.  These  tasks  would  be  outside 
the  scope  of  the  present  contract. 


3.1.2  Amphibious  Vehicles  Propulsion  Systems 

Propulsion  systems  for  several  amphibious  vehicles  were  investigated 
To  gather  information  on  the  characteristics  of  these  vehicles  and 

If  In’ThlTr  m rCquikrement5'  several  visits  were  made  The  f,rst 
as  to  the  U.S.  Marine  base  at  Quantico,  Virginia  to  discuss  the 
requirements  of  an  advanced  amphibious  vehicle  drive. 


i?thPeeseni  w'"ta9e  °f  amphibious  vehicles  are  25  ton  tracked  vehicles 

trl Lmiss?onWaforriandeI \ ^ "‘'I’'16  en9l"es  with  mechani cal -hydraul i c 

transmission  for  land  operation  and  water  jets  at  sea.  For  the  advanrpd  i va 

under  consideration,  the  most  dramatic  performance  change  desired  is  to 

raise  the  speed  to  -he  range  of  35  to  70  knots.  These  high  speeds  indicate 

a departure  from  the  displacement  type  vehicle.  Candidate  systems  include 

Plamng  hulls  surface  effects,  etc.  In  these  cases,  a drastic redact  on 

acceptable  7oT rll^  the  system 


Westinghouse  presented  a review  of 
study  and  development  with  special 
and  the  ARPA  program  objectives. 


the  various  advanced  machines  under 
emphasis  on  the  SEGMAG  machine  concept 
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^h1 nCG  chdrdcte^tics  for  a typical  tracked  vehicle  were 

hydraulic  and  ^ drdWn  between  mechanical  and  mechanical- 

ph.p  of  C t0rque  converters . The  electric  drive  provides 

ease  of  control,  high  maneuverabi li ty  and  high  utilization  of  the  nriinp- 

mover  rating  over  a wide  range  of  vehicle  speeds.  Also,  electrir  drivp 
offers  superior  acceleration  capability.  eiectnc  drive 

ids  reversl  "9  CL-rrent  collectors  for  the  drive  motors 

scheitie^as  ^suggested . pr0^rdm  t0  «'•*"«  and  the  control 

thP  nphdclt?  HS,in  thG  Very  eaHy  StageS  of  idea  formulation.  Therefore 
the  needs  and  the  drive  systems  are  too  uncertain  to  permit  an  evaluation 

f the  advar>tages  that  would  be  derived  from  an  electric  drive  system. 

Due  to  the  limited  funds,  it  appears  that  the  USMC  program  will  be 

orSHnCfed  t0/ehlc1e  concepts  based  on  currently  available  components 
or  development  systems  sponsored  under  a broader  program. 

Norfolk  made  t0  *5e  NdVd1  Amphibious  Warfare  Board  at 
Norfolk,  Virginia.  They  were  interested  in  the  present  state- 

of-the-art  in  electric  propulsion  systems  as  they  might  apply  to 
e-power  a range  of  amphibious  vehicles  that  they  operateP 

Presentati on  was  given  of  Marine  Propulsion  Systems  utilizina 
the  ARPA  developed  SEGMAG  machine  concepts  and  other  eLctric  iropufsion 

applications IntereSt  WdS  lndicated  by  the  Navy  for  several  potential 

Many  questions  were  generated  by  these  Operations  Personnel  reqardinn 
mn  appl^°"  of.the  SEGMAG  drive  system.  The  majority  of  these  question' 
concerned  the  liquid  metal  current  collectors,  and  centered  on  the  followim 
particular  categories:  1)  The  effect  of  pitch  and  roll  on  the  liquid 

t he a 1 1 q u 1 d hme ta T 1 f n ' r n a"d  n,ethods  of  5eals  used  t0 

fhn  tdl  tbe  co1  ectors.  3)  The  seals  required  to  maintain 

i^eito^9en4?aSihn  6 mdchlnf.and  the  amount  of  nitrogen  required  for 
inventory.  4)  The  amount  of  liquid  metal  discharged  from  the  machine 

normally  and  under  battle  conditions.  5)  The  effect  on  safety  to  o^sonnpi 

in  event  of  liquid  metal  leakage.  6)  Due  to  the  close  to?eraLes  in  the 

^oll^tors>  what  provisions  are  incorporated  into  the  machine  for 

r If50:  10n  an?  thurmd1  9r0Wth?  7)  Due  t0  the  relative  high  mortilit 
f these  small  vessels  what  are  the  economics  of  this  drive  system? 
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3.2  CURRENT  PROGRESS 


3.2.1  Tank  Propulsi 


on 


"g  Period,  effort  continued  on  applying  the  SEGMAG  machine 
(-stem  to  tank  propulsion.  Since  the  most  desired  attribute  of  modern 
tanks  is  increased  acceleration  for  more  agile  mobility,  increased 

feCT  10,1  0f  VehiCle  wei9ht  1s  the  trend  to  follow. 

Unfortunately,  increasing  installed  horsepower  with  present  day 

areadmfhpi  usual1y  1 teases  the  enclosed  volume  and  surface 

; H LTr1"9-"6  arm°r  Weight  and  more  horsepower.  Electric 
nnlcf  ’a  th^  9h^heaVy  in  comPanson  to  mechanical  drives,  offer  one 
outstanding  benefit  that  breaks  this  exponentially  rising  horsepower- 
igt  trend,  and  that  is  its  freedom  in  mechanical  arrangement  By 
electrically  separating  the  prime  mover  and  the  traction  drive,  more 

tarCarmo7VlnSahJem%Can  b"vi  sual  1 zed.  that  do  not  require  increasing 
h . ei9ht.  Since  this  separation  is  accomplished  electrically 

horsepower  increases  of  the  prime  mover  can  be  effected  by  increased 
speed  and  thereby  increased  power  density.  Utilizing  this  principle 
an  improved  performance  tank  drive  system  was  developed.  The  conceptual 
system  uses  modular  units  of  motors,  generators  and  control  units  P 
whPPlpHdU^ tlon  has  distinct  advantages  for  both  tracked  and  ' 
v^r!  nd  ^ehicles-  rt  aUo  Permits  application  to  many  vehicles  of 
va  ying  horsepower  requirements  utilizing  multiple  of  the  modular 
drive  motors  with  correspondi ng  prime  mover  sizes. 


3.2.2  Ship  Propulsion 

Another  trip  was  made  to  the  Amphibious  Warfare  Board  at  Norfolk,  Virqinia 

XltTS  PSi°f  tHe  LCU  daSS  f0r  P0SSible  application  of  SEGMAG  ' 
nl!  Propulsi on  systems.  The  present  arrangement  of  diesels, 

U r iShftln3  can  be.modified  to  accommodate  higher  horsepower  gas 
turbine-electric  drive  units  without  major  hull  modifications. 
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4.0  OBJECTIVES 


The  objectives  of  this  task  are  to  study 
technology  and  to  identify  the  preferred 
magnet  homopolar  machines. 


liquid  metal  current  collection 
systems  for  the  segmented 


During  Phase  I the  specific  objectives  were:  1)  to  review  the  state- 

?dpntJffart  °f  llq“ld  nletal  current  collection  system  technology;  2)  to 
e ti fy  preferred  liquid  metals  and  preferred  current  collector  designs 
under  a variety  of  operating  conditions;  3)  to  identify  the  operational 
problem  areas  which  must  be  resolved  for  successful  performance; 

establish  the  constraints  which  the  liquid  metal  handling  and 
purification  systems  must  satisfy;  and,  5)  to  establish  an  experimental 
program  to  resolve  the  problems  associated  with  liquid  metal  current 


During  Phase  II  the  objective  was  to 
collector  suitable  for  unidirectional 
SEGMAG  type  and  to  veri fy  its  effecti 
SEGMAG  generator. 


evolve  a liquid  metal  current 
, constant  speed  machines  of  the 
veness  in  the  3000  HP  demonstration 


During  Phase  III  the  current  collector  technology  is  being  extended  to- 
1 urn  irect^na1  high  speed  (96  m/s  collector  speed)  generator  appli-’ 

mo^s  and  reverSll?le  and  variable  speed  applications  such  as 

motors  and  torque  converters. 


4.1  PRIOR  AND  RELATED  WORK 

During  thase  I of  the  present  ARPA  contract,  a preferred  current 

CC  h6Cs  thCesprMflraS  ldenbified  f°r  unidirectional  homopolar  machines, 
a/  SEGMAG  generator.  This  selection  was  based  on  a review 
study  of  the  complex  electromagnetic  interactions  and  forces  which  will 
be  experienced  by  functioning  collector  systems  under  a variety  of 

embodi*es^an°"Nnf InnH  T*  im?!;als-  ThP  Preferred  collector  design 

^quid  metal  f 9aP  ’ W1  th  the  l0W  density  sodium-potassium 

a11°y  (NaK)  confined  in  narrow  circumferential  current 

as  ™f!it  +:  TJ6  ipuld  ,netal  a11oy  gallium-indium  (Gain)  was  selected 

as  an  alternative  to  NaK,  especially  for  homopolar  machine  applications 

T ^H„re,at^,y  l0“  5peed  and  hi9h  ambient  magnetic  flel^operating 
conditions  exist,  or  in  certain  situations  where  liquid  metal  handlinq  may 
be  centered  a problem.  The  alternative  choice  of  a higher  density 
liquid  metal  was  based  on  lower  calculated  power  losses  when  run  under 
the  specified  operating  conditions.  Although  not  as  compatible  as  NaK 

SJru^u:a1  a"d  conducting  materials,  Gain  is  quite  easy  to  handle 
nd  lends  itself  to  a relatively  simple  purification  process. 
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Two  of  the  greatest  concerns  in  applying  liquid  metal  current 

Cf  Hect°r;  dlV^a)  thi  magnitude  of  power  losses  developed  in  the 
uid,  and,  b)  the  confinement  of  fluid  to  the  current  collection 
zones  during  all  machine  operating  conditions.  A complete  discussion 
contract  f°nCerns  1S  contained  i n the  previous  reports  under  this 

During  Phase  II  a liquid  metal  current  collector  test  facility  was 
constructed  and  an  experimental  test  plan  was  implemented  to  resolve 
recognized  problem  areas  in  applying  liquid  metal  current  collectors 
Hart  of  this  effort  included  an  evaluation  of  collector  width  effects 
on  the  magnitude  of  the  ordinary  fluid  dynamic  power  loss.  The  effect 
of  ambient  radial  magnetic  field  and  collector  width  variations  on  the 
eddy  current  power  loss  was  also  investigated.  The  remaining  work 
effort  consisted  of  experimentally  evaluating  the  possible  adverse 
e fects  which  rotor  rotational  speed,  radial  magnetic  induction,  and 
load  current  have  on  liquid  metal  confinement  in  the  collection  zone, 
his  e fort  culnti  nated  in  the  design  and  fabrication  of  the  current 
col  ectors  for  the  prototypic  SEGMAG  generator.  A complete  exposition 
of  this  work  is  contained  in  the  previous  reports  under  this  contract. 

During  Phases  II  & III  the  current  collector  design  which  was  developed 
was  evaluated  in  a SEGMAG  demonstration  generator,  rated  3000  hp 

machin^r  r Juitabi1jt^  of  this  collector  for  use  in  homSpolar 

Ini  ’V^t  ^stance,  and  its  influence  on  machine  efficiency, 

collector  filling  - critical  temperature  characteristic.  Work 
continued  ot  extend  the  unidirectional  collector  technology  to  higher 
speeds  for  generator  applications.  Other  work  centered  on  development 
of  reversibie  and  variable  speed  collectors  for  torque  converters  and 
motor  applications.  Concepts  being  considered  in  this  development 
include  flooded,  unflooded,  and  hybrid  collectors. 


4.2  CURRENT  PROGRESS 

During  this  report  period,  the  theoretical  power  loss  and  expulsion 
pressure  expressions  were  redeveloped  for  collectors  of  the  SEGMAG  and 
high  speed  type  to  account  for  the  solid-liquid-solid  electrical 
contact  resistance.  Calculations  which  illustrate  the  effects  of 
contact  resistance  were  made  and  the  results  are  presented  in  this 
report.  Values  of  specific  contact  potential  were  determined  for 
co  lectors  with  copper  and  nickel  plated  copper  surfaces.  These 

1 nat|0,is  were  made  with  the  glove  box  test  rig,  using  3000  hp 
SEGMAG  prototypic  size  liquid  metal  (NaK)  current  collectors  and 
typica1  operating  conditions.  Changes  in  the  collector  filling- 
critical  temperature  characteristic  were  also  observed  as  a function 
of  side  wall  insulation,  cover  gas  density  (nitrogen  vs.  helium),  and 
contact  surface  treatment  (bare  copper  vs.  nickel  plate). 
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Current  collector  concepts  were  developed  for  the  reversing  unflooded 
motor  application.  Specific  configurations  were  defined  and  these  were 
evaluated,  based  upon  the  previously-established  list  of  criteria,  to 
determine  feasibility.  Collector  concepts  which  passed  this  screening 
procedure  were  recommended  for  further  development. 

An  analytical  study  of  the  hybrid  current  collector  was  made  during 
the  period.  General  expressions  derived  during  the  study  permit  cal- 
culation of  pertinent  collector  design  parameters  and  performance 
characteristics.  Incorporating  the  mathematical  expressions  in  a com- 
puter program,  quantitative  information  was  obtained  for  a selected 
hybrid  pad  collector.  The  selected  design  utilizer  circular  cross- 
section  pads  and  they  are  applied  in  an  axial  manner  along  one  flat  side 
wall  of  the  collector  rotor. 
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4.2.1  Sf GMAG  Collectors 

Subsequent  to  making  certain  modifications,  as  discussed  in  the  previous 
- Report,  the  demonstration  SEGMAG  generator  was  again  tested 

under  high  voltage-zero  current  (open-circuit  test)  and  high  cirrent 
minimum  voltage  (short-circuit  test)  conditions.  In  general,  L 

h°  ]eCt?r  perfon,iance  characteristics  were  similar  to  those  determined 
uung  the  previous  run,  with  one  notable  exception.  Previous  runnina 
was  in  i ted  to  90,00u  amperes  because  of  an  impending  instability  in 
the  annular  gap  NaK  flow  due  to  suspected  MUD  effects.  However  ^o  hint 
ow  instability  due  to  the  load  current-sel f field  MHD  expulsion 
pressure  was  evident  during  the  recent  tests.  Stable  performance  was 
shown  even  though  the  SEGMAG  generator  test  included  short  circuit 
current  operation  to  a higher  level  of  110,000  amperes.  This  increase 
of  E?rf?nnan?e  cap?bnity  may  be  attributed  to  the  recent  application 

side  walKC<  AUhn ,a,tlontalong.fch  collector's  rotor  and  stator  flat 
side  walls.  Although  not  considered  to  be  a significant  factor  in  the 

present  test  situation,  because  of  the  very  low?nduction  involved 
K'ax  f^ld  fl?W  1n  the  ann"lar  side  channels  d°ue  to 

aM?edael(aHcaM^,a;^Ut’n9  CUrrents  Wi' ' be  reduced  b*  the 

Based  on  an  analysis  of  the  SEGMAG  generator  total  performance,  an 
otherwise  unaccountable  machine  power  loss  was  attributed  to  ohmic 
dissipation  in  the  current  collectors.  Higher  than  anticipated  collec 
tm  ohimc  power  loss  would  occur  if,  for  example,  the  sol  id-1  iquid- 
solid  specific  contact  potential,  ek,  and/or  if  the  bulk  liquid  medium 

Inuation^  ^ ^eater  than  predicted.  Factors  which  relate  to  this 
situation  include  initial  treatment  of  the  collector  solid  surface  and 
subsequent  operating  conditions,  including  creation  of  foreign  surface 
films  and  generation  of  fluid  flow  instabilities.  The  existence  of  a 

HnnPhaSfh  lqUldi93S  medium’  rather  than  a continuous  flowing  liquid 
ring  in  the  annulus,  would  also  result  in  an  increase  in  bulk  resi^vi^v 
and  apparent  contact  resistance,  both  causing  higher  ohmic  power  oss 

reae?,tn  °htS  ^ the  COntaU  Stance  through  c ace 

5"cSs^SiSas:cbe4n2S2CrSSfUl-  Prell'minary  reSUltS  0f  thiS  WOrk  a- 

Witha  potential  for  the  existence  of  significant  levels  of  solid- 
liquid  contact  resistance,  it  is  deemed  necessary  to  modify  the  theo- 

current  rn ill  In “ and  1 expul s 1 0n . Pressure  expressions  for  liquid  metal 
current  collectors.  The  assumptions  made  and  the  conditions  upon  which 

these  modified  expressions  are  based  are  shown  along  with  the  liquid 
metal  current  collector  model  illustrated  in  Fig.  4.2  1.1.  9 
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'J\n-  6j^tA6/ 


C—1 


Fig.  4. 2. 1.1:  Model  of  liquid  metal  current  collector 


4.2.1 .1 


Ohmic  Power  Loss  (P^ ) 


From  consideration  of  the  potentials  and  around  any  given  closed  loop 
we  obtain  an  expression  for  the  circulating  current  density,  j , in  the 
liquid  metal . y 


2“rByX'2(£^k)jyMf+‘kV  + 


Then 


owrB  x 

rd+0;k) 


(4.2.1 .1) 


(4.2.1 .2) 
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Assumpti  ons : 


• Axial  component  of  magnetic  field  is  small  (typical  for  SEGMAG 
type  machines)  and  neglected. 

• Rotor  and  stator  members  possess  infinite  conductivity,  but  a 
interfaces taCt  reS1Stance  exists  at  the  solid-liquid-solid 

• Jy  = circulating  current  density  (By,  mr  effect). 

• Jy  = load  current  density  (constant  across  collector  width  for 

given  value  of  current,  I/2rrrw). 

' w,-(hre?htedVia)is.(j>'  a"d  V 1n  the  "etal  are  par3,,e' 

An  expression  for  the  ohmic  power  loss  per  unit  volume  due  to  electrical 

™’tlc?sCefouLs:e  ’iqUid  "etal  a"d  the  soHd-HquId-soll!  Interface 


' (jy  + Jy>2  <?  + T> 


(4.2.1 . j) 


Then,  the  total  ohmic  power  loss  is 


V 


vol 


= 


w 
y 2 

-w 

1 


(-  + -g-)  (j  + J )2  2nrd  dx 


(4.2.1 .4) 


Substituting  Eq.  (4. 2. 1.2)  into  Eq . (4. 2. 1.4),  performing  the  integration 
lSad'curre^r9  ^ ^ °hmiC  P°Wer  l0SS  due  to  the  circulating  and’ 


P,.  = 


ir  (*BV)2(™)3  + eJ 


6 (d  + 7 

(o  + ck) 


2n rw  ’ wa ^ts / col  lector 


ng  and 


(4. 2. 1.5) 


where:  P 


n 

10  = 
By  = 

r = 


total  ohmic  loss  per  collector,  watts 
angular  speed  of  rotor,  rad/s 
radial  magnetic  field,  T 
collector  rotor  radius,  in 
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w - collector  electrical  contact  width,  m 
d - collector  radial  gap  dimension,  m 
° = electrical  conductivity  of  liquid  metal,  mhos/m 
rk  ~ s°Tid-liquid-solid  specific  contact  potential,  Vm2/A 
I = collector  load  current,  A 


An  expression  is  developed  below  for  the  ci 
collector  rotor.  This  current  is  maximum  a 
and  reduces  to  zero  at  each  edge. 


rculati nq  current  in  the 
t the  rotor's  mid-point 


i = i 

x max 


VA’ 


(4.2.1 .6) 


where 


w/2 


max 


jydA 


From  the  above  expression  and  Eq . (4. 2. 1.2) 


* ( rw; 

1 max  4 fd+aek)  ' 


(4. 2. 1.7) 


Eqen(4aIai n6)S1  09  Eq'  (4-2,1'2)  and  substituting  Eq . (4. 2. 1.7)  into 


owBu(rw)2  ,x  awrB- 


x 4 (d+ac^) 


x2ir r dx 


Performing  the  integration  and  simplifying 
expression  below. 


we  get  the  rotor  current 


irawB  r' 

1'  = r-r—J- 


C(?) 


x " (d+ae~)  L'2 


X2] 


(4. 2. 1.8) 


An  MHD  interaction  between  the  circulating  rotor  current  i 
draragd!osse)oiloi;s:CaUSeS  “ r0t°r  ^ P0Wer  ,0SS'  fln  el“e 


, and  the 
n t of  this 
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^draq  ” lljrdp  “ wr  ^y1 xdx 


(4.2.1 .9) 


powe^  fosses Eq'  (4-2,1,8)  int°  Eq‘  (^ ■ ^ • 1 • 9)  • the  total  rotor  drag 


w 


f?  ttoujB  r 2 

drag  = Jw  "rBy  (3+^jT  [(2}  ~ x 1 dx 


Performing  the  integration  and  simplifying, 

_ , M )2(rw)3 

drag  6 ,d  '»  watts/col  1 ector , (4.2.1.10) 

a k ' 

Where:  Pdrag  = rotor  dra9  Power  loss  per  collector,  watts. 

4 . 2 . 1 . 3 T otal  Power  Loss  (Py) 

PT  = PQ  + Pdrag  + Pvis’  watts/collector.  (4.2.1.11) 


where: 


Py  - total  power  loss  per  collector,  watts. 

Pvis  “ ^u^d  dynamic  (viscous)  power  loss  per  collector,  watts 
Pvis  4 r (w  + From  Eq . (2)  of  Semi-Annual 

Technical  Report  for  period  ending  May  31,  1974,  where 
the  previously  undefined  terms  are: 

f = Fanning  friction  factor 
p = mass  density  of  liquid  metal,  kg/m3 
k = additional  non-conducting  rotor-liquid  contact 
width,  in. 


4 . 2 . 1 . 4 Calculated  Total  Power  Loss  Jp  | 

calculations  collector  power  loss  for  a 
3UU0  hp  SEGMAG  type  generator  were  made,  and  these  represent  a wide 
range  of  col  1 ector  wi dths  and  specific  contact  potentials.  Pertinent 
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geometrical  parameters,  operating  conditions,  and  liquid  metal 
properties  assumed  for  the  calculations  are  tabulated  below: 


physi cal 


r = 0.178  m 
d = 1.6  x 10  3m 
k = 6.4  x 10  3m 
w = 377  rad/s 
By  = 0.03  T 


I = 105  A 

f = 5.5  x 10"3 

o = 2.2  x 10b  mhos/m 

p = 850  kg/m3 


Results  of  the  power  loss  calculations  are  presented  in  Fiq.  4. 2. 1.2. 
Kather  large  losses  in  power  are  noted  to  occur  as  the  specific 
contact  potential,.,  is  increased,  especially  for  narrow  width 
collectors.  This  is  due  to  high  contact  resistance  and  resulting  hi qh 
ohmic  loss  associated  with  transferring  the  machine  load  current9 
Optimum  collector  widths  are  indicated  (see  'minimum  power  loss  line1) 
for  the  lower  evels  of  e If  it  is  assumed  that  J is  near  zero, 
the  optimum  collector  width  is  0.5  cm.  Further  reductions  in  collector 
width  are  undesirable  since  that  would  result  in  an  increase  in  the 
power  loss  If  only  larger  t,  values  can  be  practically  achieved, 
wever,  quite  high  power  losses  are  associated  with  narrow  width 
collectors.  In  that  case,  increasing  the  collector  width  will  result 

300n°hnrsr?M?r  h°SS‘  tC Rectors  of  1 25  cm  width  (selected  for  the 
in  -5  GMAG  de"10ns  Nation  machine)  will  perform  with  minimum  power 
loss  if  the  specific  contact  potential  is  4 x 10-9  Vm2/A.  Increases  in 
power  loss  above  the  minimum,  with  wider  collectors,  is  attributed  to 
scous  fluid  drag  associated  with  larger  contact  areas. 


4.2.1 .5  Expul  si  on  Pressure  (P  ) 

An  axially  directed  expulsion  pressure  is  created  within  the  collector 
JS1  due  a circumferential  self-magnetic  field  associated 

°ad  and  C1 rculati ng  currents.  The  model  conditions  upon 
whTch  the  goverm ng  expression  for  this  pressure  is  based  are  shown  in 


The  circumferentially  directed  magnetic  field  induction  in  the  liquid 
metal  gap  (B^)  may  be  defined  as 


B ( = p qiHd  9. 


where  u = 4?t  10"7 


<pHd;i 

} 


i 


enclosed 


+ V 


(4.2.1  .12) 


/'._P 
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Dwy  6 3 6fc> 


Fig.  4. 2. 1.3:  Model  of  liquid  metal  current  collector  with  load  and 

circulating  currents 


From  Eq.  (4. 2. 1.8),  the  circulating  current  along  the  rotor  width  is 


tiowB  r 2 

Y r/W> 

[d+ac.  ) ^2^ 


The  axial  component  of  the  load 
follows: 


current  enclosed  may  be  expressed  as 


lx  = 27,rJy(?  - x)> 


or 


K - i,  ( 


L v2 


11qunidtmetliegapi?stenSUy  <H)  a'°n9  circu",fere"t1al  '°°Pt  through  the 
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Hd£  = H2nr  = (i  + I ) 

X X ' 


Fr°|n(the  previo^oxpressi°ns  developed  for  i,  and  Ix,  and  en-ployin, 


, r . , ooiB  r 2 

Bo  = i?  ^ (f  - x>  ♦ ^ t(p  - xP, 

K 

The  radial  current  density  in  the  liquid  metal  is 

J = J + j 

y y 

Utilizing  Eq . (4. 2. 1.2)  the  above  expression  becomes 


(4.2.1.13) 


(4.2.1 .14) 


j - _I_  + y 

2ti rw  ld+atkJ  X (4.2.1.15) 

betweenT  and^il  expu1sion  Pressure  d^e  to  the  MHD  interaction 
Px  = B0J  dx 

The  resulting  pressure  in  the  liquid  metal  along  the  rotor  width  with 
respect  to  the  left-hand  edge,  is  ’ 


P(x)  = B J dx, 
> w 


(4.2.1.16) 


- < x - ^ 
2 - - 2 


Substituting  Eos.  (4.2.1.13)  and  (4.1.2.15)  into  Eq . (4  2 1 16) 
i etti  ng  ' 


ouB.  r 


6 ~ TT. 


(d+ot.l 


Y = H 

Y 2 ’ 
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per fo rmi ng 
ex pres  si ons 
currents . 


the  integration  and  simplifying  we  obtain  the  following 
tor  the  expulsion  pressure  due  to  the  load  and  circulati 


ng 


p ( x ) - J {(^  + ^)  («  + X) 


- /_  °L  + «M  gV  V r / w > 2 2-, 

1 2 2 4 ' ) " x J 

3 2 4 

-aB[(^)  + X3]  + ^ [(|)  - x4]} 

^•2-1.6  Ca 1 cul a ted  Axial  Expulsion  Pressure, 


(4.2.1.17! 


i-Pxi 


Based  on  Eq.  (4.2.  .17),  calculations  of  the  axial  expulsion  pressure 
n the  Jiciuid  metal  for  a fully  loaded  3000  hp  SEGMAG  type  generator 
were  made  In  addition  to  the  parameters  previously  tabulated 'i n Sec 

of'  i ?i\ L^Jresent  pressure  calculations  involved  a collector  width 
of  1.27  x in  rm  and  an  value  of  3 x 10-9  Vm^/A.  Results  of  the 
presented  in  Figs.  4. 2. 1.4  and  4 2 1 5 


of  1 .27  x 10 
calculations 


cm 
are 


The  expulsion  pressure  caused  by  the  combined  load  and  circulating 
s,ls,  noted  to  increase  axially  from  one  edge  of  the  collector 
gap  width  to  the  other  for  load  currents  greater  than  25  kA  The 
initial  reversal  in  the  direction  of  expulsion  pressure  noted  at 

r u l a h I!  V load  current  is  attributed  to  predominance  of  the  cir- 
culating current.  Relatively  large  pressures  appear  across  the  col- 
lector gap  width  at  higher  load  current  levels.  All  pressures  of 
course,  must  be  counterbalanced  in  order  to  prevent  gross  loss ’of 
liquid  metal  from  the  collector.  This  is  accomplished  in  the  SEGMAG 
generator  through  self  adjusting  asymmetric  extensions  of  liquid 
metal  along  the  collector's  flat  side  walls.  M 


E:k 


Influence  of  collector  contact  resistance  on  the  expulsion  pressure 
is  indicated  by  the  contrasting  sets  of  curves  in  Fiq.  4.2.1 .5  As 
increases  from  zero  to  3 x 10-9  Vm?/A,  the  circulating  current  is 

effprtc  nnT2UC?d  t0  1UC!]  an  extent  that  U has  smaller  and  smaller 
ettects  on  the  basic  load  current-self  field  interaction.  Very  low 

°f  ':k  ca^e  axia]  Pressures  in  both  directions  in  the  liquid 
metal,  placing  the  fluid  in  a state  o'  tension.  This  effect  tends 
cause  axial  separation  of  liquid  metal  in  the  annulus,  which  is 

li'nNiHrmbIei'  f f severe’  this  action  would  cause  gross  loss  of 
liquid  metal  from  the  current  transfer  zone,  high  bulk  and  contact 

res  stance,  and  high  ohmic  power  loss.  If  present,  a varying  rl/ 

tnU -aUee  s1oshin9  action  of  the  liquid  metal  leading,  again, 
to  ess  efficient  current  collection  and  fluid  spillage  from  the 
co l l ecti on  zone. 


to 
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Curve  680/39-* 


4-15 


4'2'2  H1gh  SPeed  Collectors 

r\ 


C.M.  4705 

Design  work  and 

ccepta„ce  of  narrower  ^ the 


<1'2'2''  Expen'ment«l  Test  Results 

D » i •? ^ _ . . 


the  effect  off0  2 peri'oci  a number  of 

9a^lheer"-'£-w\r^r^^crdv- 

protot",e^tS  ^ 3 ™»"9  WlS  T 

Prototypic  size  li,ujd  "‘?a  **•  9 >°*»  box  test  ° AH 

it  is  desirable  that  t,  C°,,e^  3°°°  "p  KESHAS 

iSiB’ 

as- 

10ns  a,e  summarized 


Col  lector 
Si  de 
Wal Is 

Uninsulated 
Insula ted 
Insulated 


Col  lector 
Contact 
Surfaces 

Bare  Copper 

Dare  Copper 

Dare  Copper 


Insulated  . 

ed  Nickel  Plated 


Cover 

Gas 

N2 

n2 

He 

Nr, 


Critical 

Temperature 

0 60  r/s, 
J°CJ_ 

78 

62 

51 

<28 


^roni  tbe  above  data 

stator  permittorT  ’/insulating  the 

wfthout  sacrif1cinaSr9mK-Cant  ]°weri  nq  1 th  Wal]S  °f  the  r°tor  and 
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collector  ran  in  a helium  environment.  Finally,  temperature  was  not 

^Hnd,t0ooorCnJlcalLin  reg°rd  t0  liquid  metal  f i 1 1 i nq  of  the  collector, 
down  to  28  C,  when  the  contact  surfaces  were  plated  with  nickel  and 
operation  was  again  in  a cover  gas  of  nitrogen. 


Although  beneficial  results  were  shown  experimentally  for  the  above 
noted  collector  design  changes  and  cover  gases,  a complete  physical 
understanding  of  their  effects  is  incomplete  at  this  time.  Conjecture 
as  to  the  mechanisms  which  explains  the  improved  collector  filling 
utility  will  likely  include  gas-liquid  flow  dynamics  as  well  as  foreign 
surface  films  and  solid-liquid  wetting. 


Previous  experimental  and  theoretical  work  point  up  a concern 
for  the  effect  of  solid-liquid  contact  resistance  on  collector  perfor- 
mance. A knowledge  of  the  magnitude  of  the  specific  contact  potential 
is  necessary  to  the  design  of  a collector  for  minimum  power  loss. 

Recent  experiments  were  run  wherein  the  contact  resistance  of  collec- 
tors with  bare  and  nickel  plated  copper  surfaces  was  calculable  Cal- 
culations of  the  specific  contact  potential  for  the  collectors  were 
possible  utilizing  experimentally  determined  values  of  power  loss 
associated  wi th_ ci rcul ati ng  currents  induced  by  radial  directed  magnetic 
fields  in  the  liquid  metal.  The  difference  between  measured  drive  shaft 
power  with  and  without  an  applied  radial  magnetic  field,  less  a cor- 
rection for  previously  determined  stray  power  loss,  is  taken  as  the 
circulating  current  power  loss.  An  expression  for  that  loss  in  terms  of 
ck  and  the  known  operating  conditions  is  obtained  from  the  sum  of 

Eqs.  (4.2.1 .5)  and  (4.2.1.10),  realizing  in  this  case  that  the  load 
current,  I,  is  zero. 


D TT  My)2(™)3 

circ  " 3 TcT  or  rearranging  terms  (4. 2. 2.1) 

a k ' 

„ M/lrw)3  d 

f'k  3 P . ~ n (4. 2. 2. 2) 


Utilizing  the  above  technique,  specific  contact  potentials  were 
determined  for  collectors  with  copper  and  nickel  plated  copper  surfaces 
and  these  are  plotted  as  a function  of  temperature  in  Fig.  4. 2. 2.1. 
Uespite  scatter  in  the  data,  a tendency  is  shown  for  the  contact  resis- 
tance of  both  collectors  to  decrease  with  increasing  temperature.  This 
characteristic  is  possibly  related  to  another  experimental  observation, 
namely,  an  increasing  fluid  flow  stability  with  rising  temperature. 
Lower  resistance  is  thus  attributed  to  a larger  solid-liquid  contact 
area  and  to  improved  wetting  at  higher  temperatures. 
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Curve  68073 /*A 


Fig.  4. 2. 2.1:  E({  values  determined  from  test  rig-radial  field  experiments. 


The  average  specific  contact  potential  is  reduced  by  about  40%  when  the 
copper  collector  contact  surfaces  are  plated  with  nickel.  This  character- 
1S  Pr°bab]y  plated  to  the  expected  existence  of  thinner  and  less 
continuous  tarnish  films  on  surfaces  of  nickel.  If  that  premise  is 
true,  constriction  of  the  current  will  be  less,  leading  to  lower  con- 

«ewl^tan.<ie*  5L1Cke1,  ™like  si1ver  and  gold,  is  essentially  insolu- 
ble  In  NaK.  Upon  disassembly  and  decontamination  of  the  test  collector 

n?ri^1ni  f19ht  dfy!  0f  te!t1na  and  exposure  to  NaK,  the  0.005  ran  thick 
nickel  plate  was  intact  and  bright. 


Thus,  it  appears  that  through  nickel  plating  a more  chemically  clean 
NaK  compatible  collector  surface  is  assured  as  a function  of  time.  The 
accruing  benefits  include  improved  collector  fillinq  capability  (temp- 
erature Independent)  and  lower  contact  resistance  (greater  machine 
efficiency). 
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Work  during  the  period  on  flooded  collectors  is 
Machinery  Section  (2. 3.3.2)  of  this  report. 


covered  in  the 
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4.2.4  Unflooded  Collectors 

In  a horizontally  mounted  machine  with  an  unflooded  active  lenqth  the 
collector  design  problem  becomes  one  of  confinement  of  the  liquid ’to 
the  annuiar  collector  gap.  For  a motor,  the  confinement  technique  must 
be  independent  of  rotor  speed  and  direction  of  rotation.  Use  of  cen- 
trifugal forces  induced  by  disk  rotation,  as  in  the  case  of  hi qh  speed 
generators^cannot  be  used  as  the  sole  device  for  achieving  containment 
of  the  liquid  metal.  The  objective  of  this  study  is  to  develop  new 
concepts  for  the  current  collectors  in  an  "unflooded"  motor  application, 
to  evaluate  these,  and  to  select  the  most  promising  ones  for  more 
detailed  investigation. 

During  this  reporting  period,  collector  concepts  were  developed,  usinq 
the  classi fi  cation  list  (Table  4. 2. 4. 2)  as  a guide,  and  these  were 
evaluated  using  the  list  of  criteria  (Table  4. 2. 4. 3)  as  a feasibility 
check-list.  J 


4. 2. 4.1  Reference  Unflooded  Motor  Design-Collector  Requirements 

The  "reference"  motor  design  (Table  4. 2. 4.1  of  the  previous  Semi-Annual 
eport),  which  was  defined  to  establish  approximate  parameters  as 
requirement  guides  for  the  current  collector  design,  was  modified 
slightly.  The  axial  field  through  the  collector  was  changed  to  0 1 
lesla,  a minimum  axial  clearance  requirement  of  0.15  cm  (0.06  in  ) was 
established,  and  the  change  in  radial  gap  due  to  machine  operation  was 
introduced  as  0.11  cm  (0.045  in.)  minimum.  These  changes  have  been 
incorporated  in  the  revised  Table  4. 2. 4.1  of  this  report. 

The  radial  clearance  in  a journal  bearing  of  a size  adequate  to  transfer 
the  machine  torque,  has  been  estimated  to  be  about  0.030  cm  (0.012  in.), 
which  l s the  amount  of  additional  eccentricity  that  can  occur  due  to 
changes  in  the  shaft  position  with  varying  speed.  An  additional  chanqe 
in  radial  gap  will  be  caused  by  any  differential  thermal  qrowth  of  the 
rotor  and  the  stator.  For  example,  if  the  rotor  and  stator  expansion 
rates  are  based  upon  the  properties  of  iron  (expansion  coefficient  11  7 

growth  wflVbe6’5  X 10~6  in/in°F)  then  the  differential  thermal  radial 


'5p  = R a AT 

*p  = 1.07  x 10~b  m/°C  (0.234  x 10"3  in/°F), 


(4. 2. 4.1) 


for  a radius,  R = 0.914  m (36  in),  and  for  a 28°C  (50°F) 
difference: 


temperature 


<5p  : 3.05  x 1 0~4rn  (0.012  in) 
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TABLE  4. 2. 4.1 

Unflooded  Motor  Reference  Design-Collector  Requirements  (Revised) 


1.  Power  Rating  - 40,000  hp 


? Maximum  Speed  - 180  rpm  (18.9  rad/sec) 

3.  Col  let  tor  Oumeter?  outer  - U in.  (1.83  m).  for  drum  (SEGMAG  and 

disk -type  machines  (DISKMAG) 
inner  - 32  in.  (0.81  m),  for  disk-type  machines 

4.  Axial  and  Radial  Dimensions  Allocated  for  Current  Collector  Cross* 
settlor  - 1.5  in.  (3.81  * 10‘^m) 

5.  Maximum  Permissible  Current  Density  - 16.000  amps/ln2  (2.48  > 10;  A/m?) 

6.  Maximum  Collector  Current  - 300,000  amps 

7.  Axial  Field  through  Collector  - 1000  gauss  (0.1  Tesla) 

8.  Maximum  Radial  Field  through  Collector  - $00  gauss  (0.05  Tesla) 

9.  Liquid  Metal  Leakage  from  Collector  - near  zero 

10  Maximum  Power  Loss  per  Collector  Pair  - 6$  hp  (4.85  x I04  w) 

The  above  values  were  used  to  establish  the  following  related  parameters: 

11.  Tip  Speeds  (from  2 and  3):  outer  - 57  ft/sec  (17.2  meter/sec) 

inner  - 2$  ft/sec  (7.7  meters/sec),  for 
disk -type  machine 

1?  Bearing  mam  Cle.r.nce  0.01?  in.  (3.05  , 10‘V  (Used  on  I mil/in. 

(1  nrvm|  diametral  clearance  and  a 24  in.  (0.61  m)  shaft  dia 
necessar,  fo,  3 per  unit  torque  at  15.000  pst  (1.03  . 1 OS  N/m?)  shear 
design  strength) 


13.  Minimum  width  of  liquid  Metal  Contact 
ADDITIONAL  REQUIREMENTS 


outer  - 0.083  in.  (2.11  « 10‘V) 
inner  3.187  in.  (4.74  > 10'3tn). 
for  disk -type  machine 


1.  Collector  must  pass  1 50 1 rated  current  at  zero  speed  for  10  secs. 

2.  Collector  must  be  operable  cold  without  pre-heatlnq. 

3.  Collectors  for  a machine  must  be  supplied  from  a common  liquid  metal 
source. 


4.  Collector  must  be  capable  cl  deceleration  from  full  speed  forward  to 
full  speed  reverse  in  several  scvonds. 

5-  Collector  shall  be  designed  for  sudden  stops. 

6.  Collector  shall  be  designed  for  sudden  load  chanqes 

7.  Collector  shall  t>e  designed  to  provide  for  axisynwetrlc  current  flow. 


The  following  assumptions  will  be  made,  but  will  be  re-evaluated . if 

necessary,  when  more  specific  machine  and  collector  designs  are  available 

1 Relative  axial  nxvement  tetweer  the  rotor  and  stator  will  be  a 
minimum  of  0 06  in.  (0.1$  cm). 

2 Cod  ant  channels  r ther  coolinq  techniques  will  not  interfere  with 
the  current  collection  design. 

3 Joining  of  any  required  conductor  bars  to  collector  rlnqs  will  not 
interfere  with  collector  design 

4 Any  mechanical  strengthening  rings  wi  11  be  outside  of  the  current 
collector  envelope  (1  e..  the  collector  will  not  have  to  support  the 
loading  of  other  omponents . due  to  centrifugal  force  or  relative 
thermal  growth). 

5.  Changes  in  radia?  gap,  due  to  operation,  will  be  assumed  to  be  a 
minimum  of  0.045  in.  (0.11  cm) 

6 Insulation  requirements  will  not  interfere  with  collector  design. 
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If  the  thermally 
expansion  coeffi 
i n°F) , then  the  i 


induced  dimensional 
ient  of  copper  (u  = 
hange  in  radial  gap 


changes  are  based 
17.5  x 10-6  m/m°C 
would  be: 


upon  the 
9.7  x 10-6  in/ 


fip  4.3  x 10’4m  (0.017  in. ) 


due  J°  rotational  stresses,  should  be  negligible  at  the 
expected  tip  speed.  Therefore,  the  cumulative  gap  change  that  must 
be  accommodated  by  the  seal,  including  an  additional  3.8  x 10"4m  (0  015  in 

tolerances’  would  be  about  11  x l(Hm  (0.045  in)  (for  a 
C,  50  F maxi  mum  temperature  difference). 


Table  4. 2. 4. 2 

Classification  of  Unflooded  Reversing  Collector  Concepts 

A.  Sealed  Annular  Chamber  (Seal  Types) 

1.  Rubbing  - lip  seal,  face,  radial 

2.  hydrostatic  - face,  radial,  floating 

3.  hydrodynamic  - face,  radial,  floating 

4.  labyrinth  - clearance,  knife/groove,  slinger,  transverse  qas 
flow,  adjustable 

5.  tuffer  fluid  - liquid,  gas,  grease,  wax 

6.  electromagnetic  retention  - special  field/current  source 

7.  absorbent  (wick)  - labyrinth,  slinger/wick 

8.  low-speed  only  - centrifugal,  electromagnetic 

9.  magnetic  fluid 

10.  surface  tension  - wetted/non-wetted  surfaces 

11.  solidification  - thermal,  chemical 

B.  Conducting  Seal 

1.  conducting  wick  - stationary/rotating,  fiber,  foam 

2.  hydrodynamic/ hydrostatic 

3.  flooded  (alternately)  labyrinth 

C.  Low-Speed  Flooding  or  Low-Speed  Brush  Contacts 

1.  pressure-control  led  volume 

2.  pump/control  system 

3.  gas  injection 

D.  Axial  Injection  (or  Radial  Ejection) 

1.  inertial  containment 

2.  venturi  effect 

L.  Zero  Pressure  (free-fall) 

Constant-Speed  Seal -Rotor 


F. 
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I 

1 
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II 
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l! 

li 

1 

I 

I 


1. 


2. 


Containment 
a)  aerosol 


(leakage) 


b)  liquid 

[free- surface  stability,  gravity  force,  acceleration/deceleration 
(angular/transverse) , momentum  changes  (corlolis)] 


Power  Loss 
a)  viscous 

o)  ohmic  (bulk  4 contact) 

c)  MHD 

d)  friction  (rubbing) 


3.  Circulation  System  Requirements 

a)  pressure/flow  control 

b)  Puri  fication/separation 


4.  Radial/Axial  Clearance 

a)  bearing  clearances 

b)  dimensional  tolerance 

c)  thermal  growth 

d)  centrifugal  growth 


5.  Mechanical  Adequacy 

a)  thermal  stress 

b)  rotational  (torque)  loading 

c)  hydraulic  load  (stati c/dynamic ) 

d)  centrifugal  loading/stresses 

e)  MHD  forces  (radial,  tangential,  axial) 

f)  wear  (rubbing,  erosion) 

g)  vibration/oscillation  stability 

h)  load  rate  (shock) 

6.  Temperatures  (cooling) 

a)  heat  generation  (see  power  loss) 

b)  temperature  distribution  (collector  and  rotor  conductors) 

7.  Electrical  Adequacy 

a)  voltage  drops 

b)  recirculating  currents 

c)  asyimetry  effects  (including  variable  NaK  thickness/area) 

8.  Material  Compatibility 

a)  chemical 

b)  mechanical  (e.g.,  rubbing  surfaces) 

9.  Assembly 

10.  FabricabiHty 

11.  Maintenance 
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A1 . Rubbi ng  Seal 

The  peripheral  speed  of  the  'reference"  design  (17.2  m/s,  3380  ft /min) 
approaches  the  upper  limit  of  about  17.8  to  25.4  m/s  (3500  to  5000 
ft/nnn)  typically  recommended  for  lip-type  elastomeric  oil  seals. 

Maximum  pressure  differential  capability  recommended  for  this  type  of 
seal  is  about  69,000  N/nrn  (10  psi).  In  small  quantities,  the  cost  of 
relatively  standard  Buna-"N"  seals,  which  generally  use  garter  springs 
>u0^nL,  Jt'e  lip  pressure,  is  about  $1  per  inch  of  diameter,  or  about 
S*  for  the  reference"  machine.  Catalog  listed  seals  of  this  diameter 
ate  about  1.91  x 10  in  (3/4  in)  wide  and  an  inch  or  less  in  radial 
thickness.  Split  seals  are  available  to  simplify  installation. 

(jpecial  configurations  can  be  made  to  order.)  Shaft  eccentricities 
greater  than  2.36  x 10"3in  (0.093  in)  can  be  accommodated.  Standard 
Axial  Clamp  Seals,"  which  provide  an  axial  sealing  lip,  are  also 
available.  These  have  an  axial  length  of  3.18  x 1 0~2m  (1-1/4  in)  and 
a radial  height  of  about  1.27  x 10'^ni  (1/2  in),  with  an  operating 
deformation  of  about  2.39  x 10"3m  (0.094  in). 

Figure  4. 2. 4.1  shows  an  arrangement  of  lip-seals  which  provide 
isolation  of  adjacent  collectors  in  a multi-turn  motor.  The  chambers 
formed  between  collectors  may  be  used  to  introduce  oil  droplets  to 
lubricate  the  seals  and  to  drain  any  NaK  leakage  that  might  occur. 
Alternatively,  they  may  be  filled  with  oil  to  balance  the  gravity- 
induced  pressure  drop  across  the  seal,  which  would  otherwise  increase 
from  top  to  bottom.  In  addition,  it  may  be  possible  to  circulate  the 
oil  between  the  collectors  at  a rate  great  enough  to  cool  the  collectors. 


Conductor  Bars  -/ 


Fig.  4. 2. 4.1:  Lip-Seal  Collector  Configuration 
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A rubbing  seal , which  may  ride  on  a very  thin  (%  2.54  x 10'fim, 

1 x 10-  in)  film  of _ oil  or  liquid  metal,  should  provide  excellent 
containment.  Even  without  pressure  balancing  techniques,  these  seals 
^ adequate  for  the  expected  ejection  pressure  of  about 
20,700  N/m  (3  1 b/i n2 ) in  the  "reference"  machine.  Since  there  is  no 
free  surface  of  the  liquid  metal,  aerosol  formation  should  not  be  a 
problem  unless  there  is  significant  leakage. 

The  power  loss  in  a rubbing-lip-seal  is  difficult  to  estimate,  but 
one  supplier  provided  a rough  estimate  of  radial  sealing  force  at 
the  lip,  as  131  N per  meter  (3/4  1 b/ in)  of  circumference.  If  this 
value  is  used  with  an  effective  friction  coefficient  of  0.125,  then 
the  estimated  power  loss  for  the  "reference"  motor  design  becomes: 


Ps  = tt  D p m V = 1.63  kW 


(4. 2. 4. 2) 


where:  D = diameter  of  seal 

u = friction  coefficient 
m = radial  contact  force 
V = rubbing  velocity  of  the  seal 


Another  estimate  of  power  loss  may  be  made  by  calculating  the  viscous 
loss  in  a thin  supporting  film  of  oil,  using  the  following  expression 
for  power  loss: 


Pj  = (p  V/h ) ( ttDL  )V , 

- ttDL  uV2/h 

where  in  this  case: 

= power  loss 
u = absolute  viscosity 
D = diameter 

L - length  of  seal  lip  contact  film 
V = seal  velocity 
h = film  thickness 


(4. 2. 4. 3) 
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If  an  oil  film 
viscosity,  ,i  = 
loss  becomes: 


2.54  x 10  r (1  x 10  4in)  thick4  is  assumed,  i th  a 
B.07  x 10-  iN  sec/m2  (1.17  x 10-6  lb  sec/ in2),  the  power 


Ps  = ^31°  kW  Pfr  nieter  O35  kW  per  inch)  of  contact  length 

the  contact  length  is  assumed  to  be  7.62  x 10'4m  (0.030  in  ),  then 
the  estimated  power  loss  for  each  seal  would  be: 

= 4.05  kW 


I5aemKrr-J°SS^n  be  red“ced  by  usi  '9  a lower-viscosity  fluid.  For 
example,  if  NaK  is  assumed  to  be  the  lubricating  film  (u  = 5.2  x 10-4 
N-sec/m2,  7.55  x 10-8  lb-s/in2),  thin 


Ps  = 0.261  kW 


In  add1 tion  to  the  seal  lip  loss,  there  will  be  the  viscous  and  ohmic 

inTJhe  ]l^ld  metal  annu1us  6 kW  for  a 1 in.  collector 

0fiJhe!e  !Tes  must  not  Gxceed  the  "»x1mum 
permissible  ( 20  kW  per  collector)  based  on  machine  efficiency 

objectives.  ^ 

Liquid  meta1  circulation  requirements  are  expected  to  be  quite 
flexible  for  this  concept.  Minimum  flow  rate  would  be  based  on  purifi- 
A " GGqairGments  dnd  replacement  of  any  leakage  that  might  occur. 

A batch  loading  system  may  be  feasible.  An  oil  separation  system 
may  be  necessary,  but  contamination  (oil-in-NaK  or  NaK-in-oil)  should 
be  small  and  simple  gravity  separation  techniques  may  be  applicable. 

A smooth  rotor  with  axial  insertion  into  the  stator  appears  feasible 
with  this  design  This  may  greatly  simplify  assembly , and  axial 
ovements  should  not  be  a problem.  Simple  components  and  perhaps 
off-the-shelf  components  can  be  used  for  sealing.  This  would  result 
in  minimal  fabrication  and  component  costs.  No  compatibility  problems 
are  foreseen  however,  "aging"  (loss  of  elasticity)  of  Buna-"N"  or 
other  possible  seal  materials  should  be  investigated. 

A! though  sea!  life  should  be  long,  once  a satisfactory  design  has  been 
established,  it  is  possible  that  contaminants  (such  as  oxides)  would 

o' t'i, 2?acEf™it,n9  i"fe  0f  SPa,S'  0n-si‘c  sedl  --eplacele"  appear 

s i L lta!  KS  3 Siht"  15  <tevised  for  uso  conjunction  wit 

spilt  stator.  However,  seal  replacement  should  be  a relatively  simple 

operation,  if  the  motor  is  taken  out  of  service.  y S "P'e 
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The  use  of  simple  lip-type  oil  seal  appears  to  be  feasible  for  larqe 
motor  applications  where  the  tip  speeds  are  about  17.8  m/s  (3500  f/min) 

f The  ]°w  co^t  ?f  these  SGals  niakes  the  experimental  evaluation 

of  this  concept  a relatively  simple  task.  Initial  tests,  to  evaluate 
tip-speed  limits,  oxide-induced  wear,  and  "aging"  effects  can  be  run 
on  a simple  shaft  and  smaller  diameter  seals  (at  increased  rpm) 
Subsequent  evaluation  of  large-diameter  seals  would  also  be  inexpensive 
because  the  seal  cost  wiuld  add  little  to  the  cost  of  the  test  set-un 
required  for  any  full-size  concept  evaluation.  P 
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A2.  Hydrostatically-Positioned  Seal 


A hydrostatically-positioned  seal  uses  gas  or  liquid  pressure  differences 
to  control . the  size  of  a small  gap  between  the  rotor  and  the  stationary 
seai.  Ar  increase  in  the  seal  gap  tends  to  increase  the  leakage  flow 
i,i om  a^  chamber;  this  reduces  the  chamber  pressure,  thus  creating  a force 
wt  ch  brings  the  seal  closer  to  the  rotor  and  maintains  the  small  gap 
The  seal  may  be  positioned  either  axially,  against  the  face  of  a disk 
or  nng,  or  radially,  in  which  case  the  seal  ring  must  be  segmented  or 
othei  wise  flexible  enough  to  permit  the  changes  in  diameter  required  to 
toMow  rotor  thermal  expansion  and  dimensional  tolerance  variations. 

Two  important  considerations  in  the  seal  design  are  the  selection  of 
f uid  used  in  the  seal,  and  the  pressure  in  the  seal  chamber.  Three 
fluid  types  may  be  considered:  the  cover  gas,  an  oil,  or  the  liquid 

metal  itself.  For  the  large  circumference,  even  a very  small  seal 
clearance  would  result  in  a significant  leakage  into  the  machine  if  NaK 
were  used.  Therefore,  use  of  NaK  requires  an  added  drain  chamber; 
otherwise,  it  would  not  satisfy  the  objective  of  near-zero  leakaqe  into 
the  in3chine.  An  added  drain  chamber  is  also  required  with  an  oil  or 
gas  bu  fer  *1uid  (Figure  4. 2. 4. 2),  unless  the  buffer  pressure  is  higher 
than  the  collector  pressure  (Figure  4. 2. 4. 3).  In  that  case,  however, 
buffer  fluid  will  enter  the  collector,  and  it  must  be  demonstrated  that 
here  is  no  resulting  deterioration  of  collector  performance.  Another 
consideration  is  the  possibility  that  MHD-induced  forces  will  upset  the 
pressure  balance  if  the  liquid  metal  is  used  for  this  purpose. 


It  may  be  desirable  to  segment  an  axial  seal 
seal)  if  dimensional  controls,  such  as  flatne 
rings  of  such  large  diameter.  In  this  manner 
ring  very  flexible,  the  seal  clearance  can  be 
along  the  circumference.  In  any  event,  it  wi 
to  provide  local  pockets  (chambers)  along  the 
that  an  angular  shift  of  the  ring  axis  would 
moment.  This  restoring  force  might  not  exist 
pressure  pocket. 


(as  well  as  the  radial 
ss,  become  difficult  for 
, or  by  making  the  seal 
kept  small  at  all  points 
11  probably  be  necessary 
seal  circumference  so 
provide  a restoring 
for  a complete  annular 


Seal  clearances  of  about  2.54  x 10~5m  (1  x 10~Jin)  or  less  should 
achievable  with  hydrostatically-positioned  seals.  Fluid  leakage 
through  such  a narrow  annular  gap  would  be  approximately ;3 


1 0'3i n) 


be 


_ iiDIrAp 

i a.  L ' 


(4. 2. 4. 4) 


where:  q = leakage  flow 

L)  = seal  diameter 
h = seal  clearance 
Ap  = pressure  drop  across  seal 
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NaK  Drain 


Fig.  4. 2. 4. 2:  Hydrostatically-Positioned  Seal  (Sealed  Drain) 


NaK 


Fig.  4. 2. 4. 3:  Hydrostati cal ly-Posi ti oned  Seal 
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t‘  = absolute  viscosity 

L Wldth  °f  sea1  land>  in  the  direction  of  leakage  flow 
sLm,16  KdT:SeCt,'an’  VlSt°US  P0"er  ,0SS  with  this 


P^  = ttDUj  V /h , 


(4. 2. 4. 3) 


Equations  (4. 2. 4. 3}  and  (4. 2. 4. 4)  may  be  combined  to  find: 
P'  q = >i2 

s M 12 


(4. 2. 4. 5) 


non  IT?  nt"mW  1 ’quid-metal  ejection  pressures  of  roughly 
6,890  N/m  (1  psi  ) (at  the  top)  to  20,700  N/m'  (3  psi)  (at  the  bottom) 

ofAl  ,e?r  '3.800  N/m?  (2  psi)  can  L aisled  to  induce  ’’ 
leakage  from  the  collector.  (The  gravity  head  could  possibly  be 

difference^of  o™  1W;)  ^ P™,de  s*  “Assure 

..  ce  01  ‘3’700  N/m  (3  psi)  will  be  used  in  the  leakage 
Ld  i cu  i a ti  on . J 

For  the  specific  case  where: 

D = 1.83m  (72  in). 

V = 17.2  in/s  (57  ft/s) 

Ap  = 20,700  N/ni^  (3  psi ) , 

then! f the  UnUS  f°r  "V  3re  (kW)’  h(m)  and  those  for  V are  (cc/min), 


q = 1.01  x 1012h2. 

Hr,S  Ie}ai1'SnSf-P u(WhiGh  is  1 "dependent  of  w and  L)  is  plotted  in 

hnt-h  4'2-4;4  *,nch  penTnts  the  selection  of  a seal  gap  that  provides 
both  acceptable  power  loss  and  acceptable  leakage.  P 

whirb^r  and  (4-2'4'4)  n,dy  also  be  combined  in  a manner 

which  eliminates  the  variable  clearance  "h"  to  find: 
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N - s/  m 

NdK  ! ml 
( in) 

0,1 

( in) 

Nitrogen  1 ml 

(ini 

1.50xl0~4 

2.8/x  10-1 

1 27  x 10~2 

7.72 

11  3 

£L50D 

304 

7.45x  10-5 

1 43  x 10-1 

6 35  x |0~3 

3.86 

5 63 

0 250 

152 

1 32  x 10— 5 

2.64xI0_? 

1 13  x l(f 3 

6 85  x 10~ 1 

1 00 

4 44  x 10~2 

27.0 

6.62x  10_b 

1.27x  uf2 

5 . 65  x 10  4 

3 43  x 10_l 

0 SOU 

2.  22  x l(f  2 

13  5 

3.31  x 10~6 

6.35  xlo'M 

2.83  x !0~4 

1 7|  xlO_1 

P 250 

1.11  x IQ" 2 

6 74 

1 . 32  x 10-6 

2 54  x I0~3 

1 I3x  )0“4 

6 85  x 10-2 

0.100 

4 44  x lo~3 

270 

3.97  x 10~7 

7. 62  x 10~4 

3 30  x 10-5 

2 05  x 10~2 

0 030 

1 33  x 10~ 3 

0 809 

0 = 1 83  m 
V = ]7.2hi/s 
Ap  = 20. 700  N / m2 

. (i  = 5. 21x10  4 N sec/m2  for  NaK 
Sf/,.  U = 1 1 7 « 10  “■  for  Oi I 

x v 

(1  = 193x10  lor  Nitrogen 


Seal  leakage  Flow,  q,  (cc/minl 

Fig.  4. 2. 4. 4:  Power-leakage  relationship  for  a single  annular  seal  lip 

(at  6p  = 20,700  N/m2,  3 psi ). 
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4n10  6a 

" L)  uj  Ap 

12 


(4. 2. 4. 6) 


sented  'n^jg^Vr^with^he  S1’randf4P’  fl'is  exPression  is  also  pre- 
identi  fi  ed  i n termed  co^e  „dP  "v lllV'oTl  % <“L>  afs° 

nitrogen  viscosities.  (It  should  be  2 SS ,?f  4 for  NaK-  01 1 • and 

p1  speci  f i c des fgn^i  s "sel  ected6)  3 ^ * 3 n ^"revlewed^hen 

}£  liquid  meta  1 is  inherent 

where  a buffer  fli/  , t t 4-2-4'2  a"d 

v the  buffer  gas  or  liquid  leaks  into  the  »e  h-  quld  "letd'’  but  Instead 
expected  to  provide  excellent  contain^  ™chine  space.  These  designs  are 
v<ded  that  a stable  op.JalfTg*  Jed"4*’ ’ ^ 

1 , - "v -^hN/m2 

half  entering  the  sea,’  dial n JamSer  f ^ 0^^  15"  and  the  °ther 

wider  seal  would  be  desirable  i L 9 buffer  (N2^  is  used,  a 
(0.5  in)  would  permit  about  4(4960)  - lq^n’  V^/i6"9  h of  1.27  x l(r2m 
gas  leakage.  It  is  di fficul t tf  es ti  "a  (°'7  cfm)  of  »>“ffer 

a detailed  design  of  the  seal  is  rnmniotV^6  leakages,  however,  before 
seal  clearance  can  be  Set™  nld . S lx  ,,,D?e  **  hpreSSUre  drt">  a"d  tte 
l.s?  to  1.02  x 10“5m  (0.0005  to  0 nond  ini  P .a  change  in  clearance  from 
leakage  rates  to  half'the  va,ues  shoSS  it?.'  * ^ ^ CUt  the 

should  be  evaluatedewhen0the0app"'Scatl"ontpa,  1 f°rces  °"  the  seal  ring) 
better  defined.  The  inertia,  fSrlSS  IS  .f  0?™"4  and  scal  design  are 

v-gn  sirs  ssr,^9rj  m 

power  loss  and  seal  leakage  lias  not  been^ptimi zed^^’0^  betWeen  Wscous 
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Buffer 

Buffer 
Seal  Length 

Buffer 
Power  Loss 

NaK  Power  Loss 
(6.37xl0"3m, 

0.25  in.  long  seal ) 

Total 

Power 

Seal 

Loss 

oi  1 

1 . 14xl0"3m  (0.045  in) 

4x1.77  kW 

2 x 0.443  kW 

7.97 

kW 

n2 

1.27xl0'2m  (0.50  in) 

4x0.033  kW 

2 x 0.443  kW 

1 .02 

kW 

For  the  configuration  shown  in  Fig.  4. 2. 4. 3,  the  NaK  power  loss  (in  the 
seal;  would  be  eliminated  and  the  losses  would  become: 


Buffet  Buffer  Seal  Length  Total  Seal  Power  Loss 

oil  1.14xl0~3m  (0.045  in)  7.08  kW 

N2  1-27  x 10"2m  (0.50  in)  0.13  kW 


The  viscous  and  ohmic  losses  in  the  liquid  metal  annulus  of  the  current 
collector  must  be  added  to  the  above  values  before  comparing  them  with 
the  permissible  total  power  loss  for  each  collector. 


Fl9-  is  used,  and  if  we  assume  a seal  clearance 

:^7  5,  (°-00?5  in)>  then  with  the  design  value  of  20,700  N/m? 

U 1 b/i n^ ) pressure  difference  the  recirculating  NaK  leakaqe  from  the 
seal  would  be  about  36.2  cc/min  per  cm  of  seal  length  (for  each  of  the 
two  seals),  see  Fig.  4. 2. 4. 4.  A seal  length  of  6.37  x 10'3m  (0  25  in), 
;°r  example,  would  permit  a total  leakage  of  736  cc/min  for  earh  col- 
lector and  a recirculation  system  of  at  least  this  capacity  must  be 
provided. 


Addi tionally,  a system  must  be  provided  to  circulate  the  buffer  fluid. 
Coarse  estimates  of  circulation  flow  rates,  based  upon  the  configura- 
tions assumed  in  this  evaluation,  were  given  previously  as  about  368 
cc/min  of  oil  or  19,840  cc/min  (0.7  cfm)  of  nitrogen  per  collector. 

Consideration  must  be  given  to  prevention  of  plugging  of  the  orifices 
or  capillary  inlet  lines  that  are  used  to  establish  the  clearance-flow- 
pressure  relationships  for  the  hydrostatically-positioned  seals.  This 
is  another  reason  to  select  oil  or  gas  instead  of  NaK  to  establish 
the  pressure-balance  since  Nak  oxide  formation  could  alter  the  restric- 
tion characteristics.  Even  with  gas  or  oil,  however,  it  may  be  desirable 
to  add  inlet  screens  to  filter  the  fluid  before  It  enters  the  restriction 

An  oil/NaK  separation  system  would  be  required  if  an  oil  buffer  fluid 
is  used.  A high  percentage  (^  33  ) of  oil  may  be  expected  in  the  mix- 
ture, however,  simple  gravity-separation  techniques  probably  can  be 
used  with  a large  reservoir. 
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For  an  axially-applied  seal,  radial  thermal  expansion  will  not  affect 

Zlt  r 0U9h  ahe;e  mUSt  be  SUfficient  ^earance  in  the  sLtor 
to  permit  relative,  radial  expansion  without  creating  binding  or  friction 

/?' L‘‘l  fhat  WOuld  1 nterferp  with  axial  motion.  The  3.05  x 10_4m 
0.012  in)  potential  radial  shift  of  the  rotor  due  to  bearing  clearance 

Thp?e9]]9lblu  C?7fred  WUh  the  9J5  x 10_lm  (36  in)  collector  radius 
ihere  also  should  be  no  problem  in  accommodating  large  relative  axial' 

.movements  7 f6 2 x 10-4  to  1.52  x 10-3m  (0.030-0.060  in)  i f the  static  seal 

Storing  f^e  ifntherslal!  ”***  n6qllgible  relative  to  the  ^static 

;PK?IH1XaPPl|ed  Seal-  however’  WOuld  to  be  segmented  to  permit 
rt  ative  thermal  expansion  and  in  addition  must  be  designed  to  make  the 
static  seal  friction  negligible  relative  to  the  restoring  force  to 
accept  movement  due  to  rotor  bearing  clearance.  In  this  case  axial 
rotor  movement  would  cause  no  problem. 

A detailed  examination  of  thermal  gradients  in  the  seal  ring  will  be 
required  to  assure  that  distortion  of  the  sealing  surface  does  not 

v^sron,  l LS!J  ^ngS  W1  1 } !!ec>ulre  a ke3/  t0  Prevent  rotation  due  to 
viscous  forces  The  magnitude  of  the  viscous  torque  can  be  determined 
from  the  power  losses  defined  earlier- 


T = V-  (4. 2. 4. 7) 

where:  P$  = viscous  power  loss 

u)  = rotor  angular  velocity 

T = viscous  torque 

The  force  on  a key  or  keys  at  the  seal  diameter  would  be: 

Fk  = T/R  (4. 2. 4. 8) 

where:  = tangential  force  on  key 

R = seal  radius 


For  the  present  case,  with: 

R = 9.15  x 10  ^ in  (3  ft) 

<*>  = 18.9  rad/s  (180  rptn) 
P = 4 kW/seal , 
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Additional  areas  of  concern  which  should  be  investigated  when  a more 

trosn-llafinnnnf%hStabllSl?Kd,ure  the  stabilit^  of  the  seal  in  relation 
to  oscillation  of  the  ring  (both  parallel  movement  and  tilting  of  the 

nng)  and  in  response  to  acceleration  loading.  The  possibility  of 

particulate  oxide  material  reaching  the  seal/rotor  interface  and  causinq 

abrasive  wear  should  also  be  considered.  The  possible  "aging"  (loss  of 

h a°"N"UStatiC/ea;f-Sh0Uld  be  instigated  if'a  LteHal 

Vi Bl una:.N  1s.used  tor  this  application.  However,  minor  leakaqe 
dt  these  sealing  points  should  not  be  critical. 

A radial  application,  which  results  in  a more  complex  seal,  might 

C0S  lnV?US  r0t°r  (free  of  Pr°Jecti ons ) and  therefore  a simpler 
solft  !l;tn)X'a 1 ly-POsi iaoned  seals  probably  require  a horizontally- 
split  stator  as  well  as  split  seal  rings.  Additional  desiqn  effort 
is  required  to  establish  an  assembly  procedure. 

m^yCLVfff  S?a!1  cilefrances  are  necessary,  machining  requirements 
rnfnr  i n 6L  f abl • ^ ^ °t  the  seal  to  follow  movements  of  the 

rotor  will  establish  permissible  run-out  tolerances,  and  this  must  be 

:i!  , :rrhe[  de51'gn  and  Perhaps  experimentation.  Flatness 

1 a^i  alb  -applied  seal  (or  circularity  of  a radially-applied  seal) 

n nnn?  mar?ufacj tiarl n9  Problem  d^e  to  the  small  clearance  0.0127  mm, 

'y  0.0005  in)  and  large  diameter  ^ 1.83m,  ^72  in),  unless  the  seal  ri  nq 
is  made  sufficiently  flexible  so  that  it  conforms  to  the  rotor  q 

C°St  Sh°uld  be  1nvesti gated  when  a more  definite  design  is 

estaDiisned. 


Under  ideal  operating  conditions,  no  seal  wear  would  be  expected  since 
no  mecham cal  contact  occurs,  unless  contaminants  seriously  block  the 
flow  restrictions,  forcing  the  seal  against  the  -otor,  or  oxide 

oroh^h  vShIeHiff-inifra^Ve  Wear-  Seal  ^Placement  or  repair  would 
probably  be  difficult  and  expensive. 

In  summary  hydrostati cal ly-fjositioned  seals  appear  to  be  feasible, 
although  the  ability  to  maintain  the  small  Frances  on  large  diameter 
rings  must  be  demonstrated.  Conformity  of  a large-diameter  ring  to  the 
mating  rotor  surface  may  be  a problem  unless  the  ring  is  segmented  or 
to  bPe?nmnU.t  Ufas1  gn  and  analysis  of  the  pressure-balance  s^tem  remains 

be  nr  lw  i n ha!\the  advantage  thab  the  collector  annulus  may 
be  circumferentially  continuous,  and  it  has  only  one  pair  of  solid- 

liquid  contact  surfaces.  The  seal  rings  will  plobably  have  to  be 

re?ati vpdfh°r  T®"1"'  Amoses  (for  an  axial  seal)  or  to  accommodate 
relative  thermal  expansion. 

IhlS'*SwHCePP  5?S  ^oblems  and  advantages  that  are  similar  to  those  of 
he  Hydrostati cal ly-Posi  ti oned  Collector"  (B2,  below),  and  these 

desiqn  studies  will  be  continued  in  parallel  so  that  an  early  selection 
between  the  two  may  be  made.  y Election 
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A 3 • ljy_drodynamical 1 y-Posi tinnpd  Seal 


5631  haS  the  (over  hydrostatics) 

thaS  S19nif^cant  chamber  pressure  is  not  required.  This  couid  reduce 

ft  1JUfIdrmftal,recircu1ation  or  Teahage  from  the  collector.  However 

+ 17  2 m/s  m«n°Jw0ntInU0US  operation  at  sPeeds  between  zerd'  and 

film  lubricated  LaT!"  ’ * SeVere  re!)u1>ement  f"r  a dy"™ic  fluid 

An  estimate  of  the  feasibility  of  low-speed  operation  may  be  based  uoon 
semi-dry  friction  induced  power  loss.  p 


P - FfV  = uAp(irDL)  V 


(4.2.4.°) 


where 


P = power  loss 

Ff  = circumferential  friction  fo^ce 
V = seal  velocity 
u = friction  coefficient 
Ap  = average  pressure  difference  across  seal 
D = seal  diameter 
L = seal  face  width 


If  a friction  coefficient  of  0.15 
pressure  difference  of  27,600  N/m2 
may  be  calculated  as: 


s assumed,  with  a maximum  (worst  case) 
(4  psi),  the  full-speed  power  loss 


P = 414  kW/m  (10.5  kW/ in.)  of  seal  face  width 


If  about  5 
hydrodynami 


kW  maxm  loss  per  seal  is  permitted,  the  speed  at  which  the 
c film  becomes  effective  must  be  less  than: 


w ” (5/10.5)  180  r/min  % 86  r/min  , 

for  a 2.54  x 10  ^ m (1  in.)  seal  face  width. 


foe  simplicity,  a Rayleigh  stepped  bearing 
load  carrying  capacity  would  be:4 


is  assumed , 


the  optimum 


W 


6yVLB‘ 


(0.03438)  , 


(4.2.4.10) 
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where 


W = load 

p = absolute  viscosity 
V = velocity  of  rotor 
L = bearing  length  normal  to  motion 
B = bearing  length  in  direction  of  motion 
h = minimum  film  thickness 


The  bearing  load  pressure  is  defined  as: 


P = 


W/LB  = ^~-B-  (0.03438), 


(4.2.4.1 1) 


WKh  B - 1.27  x 10  m (0.5  in.)  and  if  an  effective  support  area  of 

PffprH?!TeH  (dUe  t0  the  reversin9  requirement),  to  give  the  required 
fhl!'  *1 „ ?rfS!Ure.af  27 ,600_ N/irr  :a0.40  = 62,000  N/m2  (10  psi), 


then  for  a NaK  lubricant  (u  = 5.21  x 10~4  N-sec/m 
sec/ in.2)  eq.  4.2.4.11  gives 


7.55  x 10~8  lb- 


1.85  x 10  5 m (0.730  x 10  3 in.),  at  full  speed  (180  r/min), 


At  86  r/min: 


h = 1.85  x 10"5  m (86/180)1/2 
h * 1.28  x 10"5  m (0.505  x 10"3  in.) 


This  adequate  film  thickness  indicates  that  a hydrodynamical  1 y-spaced 
a is  probably  feasible,  although  low-speed  losses  will  probably  be 


i.  , , - ji.  'V..  itj.icbmii  probably  be 

9 ^ corap!':ed  ‘o  a Mrostatlcally-positioned  seal.  (Power  limits  for 
•speed  operation  have  not  yet  been  established). 


low- 


Two  configuration  alternatives  are  shown  in  Fig.  4. 2.4. 5.  In  configuration 
(a ) , the  gap  of  the  two  independent  seals  (and  therefore  the  leakage) 
will  mcrease  wnh  increasing  speed.  In  configuration  (b),  the  sum  of 
the  two  gaps  is  controlled  by  machining  (or  shimming  at  assembly)  the 
space  between  two  joined  seals,  and  the  hydrodynamic  forces  (and  the 

collPrUtnred  Thk  tfnJ.to  center  tne  seal  assembly  around  the  rotor 
collector.  The  rotational  effect  on  the  fluid  film  would  also  tend  to 

prevent  leakage  in  configuration  (b).  However,  it  may  not  be  possible 
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Stator 


IJwg.  M55A8J 

Stationary  hydro- 
dynamically  - positioned 
i seal 


Config.  (a) 


- - ■ ■ 

i - 

f 

i» 

\///{ 

/ 

'/// 

Stator 


/ ) 


7, 


Config.  (b> 


i i 


r 

/ / / / ■ / , 

\ i 

l'  . 

1 1 

/ 

/ / / / / 

1 1 

L. 

//// / / 

■ « 

> i 

_j.± 

/// 

'/// 


I 


b — lJ  . 


n 


/// 

7 


V \ ' 


Rotor 


\\\ 


\ ' 
\ \ 


Hydrodynamic  Step 


Rotor 


Hydrodynamic  Step 


FIG.  4. 2.4. 5.  Hydrodynamical ly-Positionec!  Seals. 
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to  achieve  the  very  close  tolerances  necessary  for  the  seal  interface 
and  an  externally-pressuri zed  or  spring-loaded  face  may  be  required. 

Since  an  axial  seal  is  used,  radial  clearance  is  a possible  problem  only 
for  the  static  seal  between  the  collector  seal  and  the  stator  housing, 
which  must  accommodate  relative  thermal  growth.  This  seal  also  must  per- 
mit relative  axial  movement  due  to  axial  shifts  of  the  rotor.  Thermal 
distortion  of  the  sealing  surface  could  be  a problem.  Keying  of  the  seal 
to  the  lousing  probably  will  be  necessary  to  prevent  seal  rotation.  The 

®<r*:  ob  acceleration  loading  will  have  to  be  determined  when  a specific 
application  is  defined.  H 


Machining  tolerances  for  the  1 arge-d iameter  seal  ring  will  be  very  tight, 
o maintain  the  small  gap  and  to  achieve  the  proper  hydrodynamic  wedge 

ct  ii'h  P°SS1ble  "aging"  Ooss  of  elasticity)  of  the  static  seal  material 
should  be  investigated.  It  w-ould  probably  be  desirable  to  have  a hard 
surface  or  a removable  bearing  face  applied  to  the  rotor  so  that  damage 
or  wear  will  not  destroy  the  rotor.  Rotor  face  and  seal  materials  must 
e selected  to  minimize  wear.  Circulation  system  requirements  will  depend 
primarily  on  pur  if ication.  H 


The  axially-applied  seal  will  probably  have  to  be  split  and  rigidly 
joined  again  after  assembly  on  the  rotor.  Once  this  is  accomplished,  it 
may  be  possible  to  install  the  rotor  axially  into  a smooth  stator  bore, 
as  shown  in  Fig.  4.2.4. 5,  thus  eliminating  the  need  for  a split  stator 
and  simplifying  the  design.  If  the  rotor  can  be  pulled  out  axially, 
the  sealing  system  can  be  easily  repaired  or  replaced,  providing  that 
cons idet a ti on  is  given  to  the  use  of  a hardened  or  removable  collector 
rotor  bearing  face  as  noted  above. 

The  use  of  an  Oi 1 ite-type  porous  bearing  may  be  considered,  but  the  path 
o recirculation  of  lubricant  must  be  defined  for  the  required  face- 

’ 3S  0PP0se<^  the  conventional  journal  bearing  application 
or  that  material.  (A  continuous  radial  seal  cannot  be  used  because  of 
the  potentially  large  relative  thermal  growth  which  could  reduce  the 
radial  clearance). 

Although  this  concept  appears  to  be  feasible  it  is  probably  best 
considered  as  part  of  the  hydrostatically-positioned  seal. 
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A4 . Deep-Groove  LaJ^p jn th 

Since  the  groove  depth  must  be  small  in  comparison  with  the  collector 
diameter , a deep-groove  labyrinth  will  still  have  to  contain  as  a 
Tb/inU^i  fnr  grJv] nd^?d  pressure  head  of  about  15,170  N/rrJ  (2.2 

arae>or  ?hP  . n -eiC°  f annulus'  Since  the  leakage  would  be 
P Ofin  reciuired  seal  clearance  of  about  1.02-1.52  mm  (0.040- 

feas?b  e’onlv  ff  tZ  Z T'"5"  6 Seal  lenr,th'  the  concGPt  might  be 
easibie  only  if  the  expulsion  pressure  is  minimized.  The  maior 

lTnnvT6  GOIPp°Gent’  due  to  gravity,  may  be  minimized  by  establishing  a 

w 1 Is  that  the  <<rag  at  the  col  lector3 

wall  is  just  equal  to  the  gravitational  body  force. 

■frnJ  r°tor  and  a uniform-thickness  annular  collector  groove,  and 

if  no  leakage  of  liquid  metal  occurs,  the  recirculating  liquid  metal 

oX  Zf  d^thG.t0P  Wil1  be  ^Tt  equally  between  th?  ^ collector 
paths  ard  will  join  again  at  the  bottom  of  the  collector.  In  each  path 
the  flow  velocity  will  be  constant  at:  P 


v " Q/2A  ’ (4.2.4.12) 

where: 

Q = 1 iquid  metal  flow  rate 

A = collector  area 

beCv1^ittIntaI:friCti°nal  ^ ]°SS  in  head  ’ Bernoulli's  equation  may 

P-j/y  + v2/2g  + Z]  = P2/y  + v2/2g  + ?2  + hf , (4.2.4.13) 

where: 


P - pressure 
Y = density 
v = velocity 

h|r  = head  loss  due  to  wall  friction  drag 

Z = height  (location)  relative  to  bottom  of 
collector,  and  the  subscripts  relate  as 
follows: 

1.  inlet  (at  top  of  machine) 

2.  variable  point  between  top  and  bottom. 
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Since  the  velocity  will  be  constant: 

= v2,  and 

hf  = f(£/d)v2/2g  , (4.2.4.14) 

where: 

f = friction  factor 

i = length  of  c ircumferential  path 

d = hydraulic  diameter. 

Then,  Bernoulli  s equation  may  be  re-written  as: 

(P2-P1)/y  = (ZrZ2)-f(Vd)(v2/2g), 

AP  = Dy  - f (Vd)(v2/2g)Y.  (4.2.4.15) 

Pot  a rectangular  collector  channel,  the  hydraulic  diameter  is: 

d = 4(cw)/2(c+w),  (4.2.4.16) 

d = 2c/(l+c/w) 

where: 

c = radial  collector  gap 
w = collector  width 

[f  the  radial  dimension  is  small  in  comparison  with  the  width,  the 
hydraulic  diameter  is  approximately: 

d = 2c. 
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For  a value  of  AP  = 0,  from  top  to  bottom,  equation  (4.2.4.16) 


gives  : 


f(*D/2)(//2g)  = D(2c) 


v = 8gc/-rrf . 


(4.2.4.17) 


The  Reynolds  number  for  flow  in  this  annulus  is: 

r _ vd  _ 2vc 

e " V ~ — • (4.2.4.18) 


where : 


v = kinetic  viscosity. 


If  the  radial  collector  gap  is  selected  as  3.18  x 10"3  m (0.125  in  1 

r’?n-61??^ipSNmay  be  combined  NaK,  v = 2.32  x 10^  m^/hr, 
b.yb  x 10  D f tv  sec)  to  find: 


f = 32gc3/uv3R3 

f = 7.68  x 1 06/R3  (4.2.4.14) 

This  expression  m.?y  be  used  with  the  curves  of  friction  factor  vs  "R  " 
for  very  smooth  pipes  to  find:  p 


f = 0.027 
Re  1 16,900 

v = 1.72  m/s  (5.64  ft/s) 


The  corresponding  liquid  metal  flow  rate  (in  two  parallel  paths),  for 
each  cm  of  collector  width  would  be:  p ; 


Q = 6,530  cc/min,  per  cm  of  width 
(16.9  in.  Vs,  per  inch). 
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I 
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ho  a bo vo  values  seem  possible  to  achieve.  Some  pressure  inequality 
W1  exist  alonq  the  flow  path  due  to  the  fact  that  the  friction  drop 
is  linear  alonq  the  angular  (circumferential)  path  while  the  gravity 
head  is  linear  with  vertical  height,  but  this  deviation  is  probably 
small.  More  important  will  be  the  effect  of  rotation  and  surface  condi- 
tions on  the  friction  factor,  and  changes  of  properties  with  temperature. 

In  any  event,  some  pressure  will  probably  be  necessary  to  assure  low 
contact  resistance,  or  win  be  caused  by  magnetic  or  acceleration  forces 
Rotor  eccentricity  due  to  hearing  clearance  is  another  source  of 
Pressure  build-up  and  velocity  variation  due  to  the  varying  gap  thickness. 
Therefore  this  technique  is  not  recommended  for  use  alone  but  may  be 
considered  for  incorporation  into  another  system  in  order  to  reduce  the 
expulsion  pressure. 
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A 5 . Variable  Viscosity  Buffer  Material 

I„h,^C.0nCfPJ.W0U3d^t11J?e  Veal  made  of  a material  with  a low  viscosity 
in  the  rotational  direction  (perhaps  at  a local  radial  Dosition)  but 

with  sufficient  strength  to  prevent  extrusion  in  the  axial  direction 

hC5?  y in-3  V-U,ry  solids  larqer  than  the  leakage  qap 

( -52  x 10  m,  0.060  in.)  in  an  adhering  liquid  retained  by  the' 

particles.  J 

r7'ia  n°77te'i1i11  °f  tfis  nature  is  Presently  available,  the  concept 
could  not  be  fully  evaluated  and  therefore  it  was  dropped  from  further 
consideration. 
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A6 . Electromagnetic  Retention 

M ec tromagne ti c retention  utilizes  the  forces  generated  between 
magnetic  fields  and  electrical  current  flow  in  the  liquid  metal,  to 
counter  the  various  expulsion  forces.  Althouqh  this  technique  may  be 
u^ed  in  combination  with  a smal 1 -clearance  hydrostatically-positioned 
v'dl  or  collector,  it  is  probably  not  required  for  those  designs. 
Therefore,  this  concept  will  be  evaluated  for  the  case  of  the  relatively 
targe  seal  clearance  required  to  accommodate  thermal  expansion, 
bearing  clearance,  and  dimensional  tolerances.  The  sum  of  these  require 
ments  to  prevent  seal  rubbing,  is  dependent  upon  the  specific  design 
configuration,  materials,  and  operating  procedures,  but  an  estimated 
minimum  clearance  of  1.02  to  1.52  x 10"3m  (0.040  to  0.060  in)  will  be 
assumed  for  the  present  evaluation. 

Because  of  the  gravity  effect  on  expulsion  pressure,  and  for  other 
i easons , a uni forml y- fi 1 led  seal  gap  cannot  be  assumed.  That  is, 
the  retention  technique  must  also  function  with  only  a locally-filled 
or  partially-filled  annulus,  and  must  prevent  droplets  and  aerosol 
from  escaping. 

1_  1 d ti  onshi  ps 

In  general,  the  retention  body  force  on  an  element  of  the  liquid  metal 
will  be: 

F • J x B, 

where:  F = retention  body  force  (N/m^) 

B = flux  densi ty  (T) 

J = uniform  current  density  through  the  element  (A/m2) 

and  where  B 1 and  "J"  are  normal  to  each  other  and  also  normal  to  the 
resulting  force  "F".  The  maximum  containment  pressure  (N/m?)  will 
be : 


i 

I 

I 

I 


p = J x B (O,  (4.2.4.20) 

where:  i = length  of  element  in  the  direction  normal  to  "B"  and  "J" 

(meters ) . 

Neglecting  contact  resistance,  the  corresponding  ohmic  power  losses 
would  be: 

P = I2R  = I2P(b/U)  = J2  ( a )2  pb/tt 
P = pJ2  (vol). 


I 

I 
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wbere:  P - ohmic  power  loss  (watts) 

b - length  of  element  in  direction  of  current  flow  (m) 
t = length  of  element  in  direction  of  magnetic  flux  (m) 
vol ) b t = volume  of  element 

p = liquid  metal  resistivity  (n-m) 


hm-iHSunCifiC  examp]e’  t0  establish  the  order  of  magnitude  of  pressure 
build  up  and  power  loss  that  might  be  obtained,  we  may  select: 


1/p  - 2.20  x 106  mhos/m  (NaK) 

J = 6.20  x 10f’  A/m2  (4,000  A/in2) 
B = 1 T 


p/i:  = 6.20  x I0fc  N/m3  (22.8  lb/in3) 

p/\,ni  = 1^-10  x 106)2  A2/m^  fi  i 

/ o o = 17>5  x 10  W/m3  (286  W/inJ). 

2.2  x 10  mhos/m 


If  i n addi ti 5 
a 27,600  N/m*  , , 
collector  diameter: 


we  select  a radial  gap  of  1.27  x 10‘°,n  (0.05  in),  and 

(4  psi ) containment  pressure,  then  for  a 1.83  m (72  in) 
eter:  v ' 


1 ~ 27,600/6.20  x 106  = 4.45  x 10~3n  (0.175  in). 

P = 17.5  x 106  (1.27  x 10'3)  (4.45  x 10~3)  = 98.8  W/m  (2.50  W/in) 

of  ci  rcurnference 


P = 98.8  x it ( 1 .83)  = 568  W 


P°r  a ful|  ?eal  annu1us  at  27,600  N/m2  (4  lb/in2)  and  4.45  x 10"3m 
(0.175  in;  length,  the  required  current  and  voltage  (for  radial  current 
flow  and  circumferential  flux)  would  be:  current 


I = r . 20  x 106  A/m6  x n ( 1 .83  m)  (4.45  x 10"3in)  = 159,000  A 
V = P/I  = 568/159,000  = 3.57  x 10‘3  volts 

»(fsistance°)dl  V°Ua9e  dr°P  Wou1d  be  i,;troduced  due  to  contact 
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For  ci rcumferential  current  flow  and  radial  flux: 

I - 5.?  x 10  A/m2  x 1.27  x JO  3m  x 4.45  x 10-3m  = 35  A 
V - P/I  - 568/35  = 16.2  volts  (neglecting  contact  drops) 

more  reasonab?eUvaluLaofdrequi^ed/vol  une^ CUrrent  flow  Permi ts 
if  a satisfactory  co^i^o:  can  bo  5enned.C“rrCnt  '°r  C°"ta1"™CTt- 

Se|f-Fi el d_Concegt 

XlrrlS,«uSr?^«1COntai'^n5tK^i£lu?  wMch  not 

Ps^SecfriJal 

f of1  contai nraen t 'pres sure :P1S  “ncept  Sh°WS  the  f°Um'n<>  relationship 


P = (5/6)  p £2  J2: 


(4.2.4.22) 


where:  p 

l 


= gap  permeability  {%  4-rr  x 10’7  hy/m) 

’ system’ (m) '(see  n^a"^)"0"  into  the  containment 


The  ohmic  power  loss  was  found  (as  above)  to  be: 
P = pJ2  (vol  ) = pJ2(7rD£t), 


(4.2.4.23) 


wi  th: 


J = V/pb, 


(4.2.4.24) 
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where:  V 

b 
D 


applied  voltage  between  conductors 
circumferential  spacing  of  conductors 
collector  diameter  (1.83  m) 


Equations  (4.2.4.22)  and  (4.2.4.23)  above,  may  be  combined  to  find: 


P = 6-n D tp  /5nf . 


(4.2.4.25) 


for  a radial  gap  (t)  of  1.27  x 10"3m  (0.05  in)  and  a 
2/ ,600  N/m  (4  psi ) : 

P = 87.5/,. 


pressure  of 


(4.2.4.26) 


For  an  acceptable  power  loss  limit  of  5 kW, 
metal  extension  into  the  gap,  would  be: 


the  minimum  length  of  liquid 


i ‘ 87.5/5,000  - 0.0175  m (0.688  in) 

Fquatioi  , (4.2.4.23)  and  (4.2.4.24)  may  be  combined  to  show: 

V/b  = (Pj  /i,D,  t)*5 


Fur  the  5 kW  condition,  above,  the  resulting  value  becomes: 
v/b  - 4.zl  volts/m  (0.107  volts/in).* 


(4.2.4.28) 


It  can  be 
length  " " 
i ncreasi  ng 
Therefore, 
(V/b). 


*°en  from  Equations  (4.2.4.26)  and  (4.2.4.27),  that  the 
cannot  be  reduced  without  increasing  the  power  loss,  and  that 
(arid  reducing  "P")  results  in  even  lower  values  of  (V/b). 
equation  (4.2.4.28)  shows  the  maximum  acceptable  value  for 


The  spacing  of  conductor  bars  must  be  selected  to  minimize  the  probability 
of  a. droplet  escaping  without  "shorting"  of  two  adjacent  bars.  If  a 

blTonly-^  3,1S  x 10"',n  (0-125  in),  is  selected,  the  supply  voltage  would 

V 4.21  x 3.18  x 10~3  = 0.0134  volts, 
and  the  corresponding  current  (for  a full  ring)  would  be: 

I = 5,000/0.0134  - 373,000  A- 


oritact  r sistance  would  increase  the  required  supply  voltage,  but.  would 
also  increase  the  power  loss. 
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A power  source  of  this  type  does  not  appear  to  be  feasible  If  a 

9 T«  ‘sLrs’  iLurd-  wi^ the  same  baresS?; !% jj,  n 

containment  of  small  droplets  *1  I ■ does,nc,t  aPPear  feasible  for 
and  an  extremely  bigh-current’po^  soTrce^  SpaC’"9  °f  condjctors 

External - Fi el d Concept 

A practical  configuration  which  will  provide  either  a rnn+innn,, 
magn^ti  ^ffux9^  independent  ""of  ^loadCcrren^f^r  n co"t1nuous  'circumferential 

a modification  of  the  self-field  contloT'lkn^A  ?°i  m6"  found'  Therefore, 

::rrr^,es °f  z zzzz 

Tnd^ca tes ' that  the Eh°permanent^magnetsf 

« « £HL{  " > &? 

y ieiu  wunin  tne  specified  geometric  constraints. 


Rotational  Force  Concepts 


Because  of  the  difficulty  in 
current  in  the  seal  annulus, 
ferenti al  force  due  to  field 
directions.  The  resultant  ci 
then  be  converted  to  an  axial 
vanes,  such  as  a "wind-back11 
tc  centrifugal  force.  These 
but  justify  additional  analys 


providing  either  circumferential  flux  or 
it  may  be  preferable  to  produce  a ci rcum- 
and  current  in  the  other  two  orthogonal 
rcumferenti al  motion  of  the  liquid  metal  can 
pressure  gradient  by  the  use  of  angled 
seal,  or  by  using  a "manometer  effect"  due 
concepts  have  not  yet  been  fully  evaluated 
is.  ’ 


Considering  the  many  possible  configurations,  it  is  recommended  that 
me,H  haVbeen  fZZlZ  faro  Cate9°ry’  aUh°U9h  arrange- 


I 

i 

l 

l 
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A7‘  Sorbent  Wjck 

- — ed 

af5^rd;*  f‘s^,nno  tbe 

-hiSy^^i??v^*9|~s/ho^v^r,|ara1?F^ij«  ^ -FW^acMoSr9* 

=rss  ajft 

Mrody„an,ic  seal  discussed"6?  a5„??  a'ter„ative1o  Z^"06’  a rub^'"9 

S£"  :s'Kia~i?£;  :fs  3S-  •• 


— — — ' _z_  __l  zy°  1 

This  concept  would  i i 

When  the 

u **•<*  to  be  **>09u1!i’ZHZTh>0"  ^ll  mVminst  ^ 
* power  loss  for  ...  , ' f°r  th6  "“‘“t-  *“*  dro»out”  spec 
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A9.  Magneti  c _P1  ui  d 

The  technology  involved  in  the  suspension  of  a solid  electromagnetic 
lller  in  a liquid  for  use  as  a seal,  has  been  under  development  by 
Terrofl  in  dies  Corp.  and  has  resulted  in  their  "Ferroinetic"  rotary  seal 
A cartridge  seal  of  this  type  is  presently  being  tested  at  the 
lvesti nghouse  Research  Labs.  The  peripheral  velocity  limit  for  this 

Sr^nn1S/db°Ut7J1  m/s  (140°  ft/,nin)>  3.81  x 10'2m  (1.5  in)  dia. 
at  JbOO  r/min  due  to  temperature  rise  from  the  viscous  power  loss 

,Thc  supPlier's  literature  gives  a temperature  limit 
or  10/  l (22  F ) for  continuous  operation,  probably  based  on  fluid 
vapor  loss.  The  sales  literature  gives  rpin  limits  for  various  shaft 
diameters  which  indicate  a similar  maximum  peripheral  speed  for 
modular  seals.  With  cooling  and  fluid  replenishment,  peripheral 
speeds  as  high  as  56  m/s  (11,030  ft/mi n ) are  claimed. 

The  racia  a!  gap  in  the  commercial  units,  is  typically  5.08  x 10'5  to 

•27.  x |J~  m °-002  t0  °-005  in)>  b^t  the  company  states  that  this  value 
can  be  much  larger  if  required,  apparently  by  increasing  the  mmf  of  the 
magnet  and  by  scaling  up  the  geometry  and  fluid  volume.  (The  viscous 
shear  area  and  power  loss  also  would  be  scaled  up.)  The  pressure 

PeTfSeu]  1and’  for.this  radld1  9aP>  is  about  20,700  N/m? 

3 ■ ' . the  Present  pitch  (between  lands)  of  about  1.57  x 1 0“ 3,n 

(6.062  in)  is  scaled  up  to  a desired  radial  gap  of  1.0?  x 10"3m  it 
would  become: 


L = (1.02  x 10'J/1.27  x 10"4)  1.57  x 10~3  = 1 


26  x 10  2m  ( %0 . 5 in) 


This  might  be  reduced  with  a modified  configuration,  su  that  two  of 
these  seals  could  be  fit  within  the  collector  space  allocation. 


0f  a 3-81  x 10  m (1-5  in)  did-  cartridge  seal  is  about 
4> / bu , but  the  components  are  relatively  simple  and  the  cost  of  some  of  the 
present  y used  fluids  is  only  about  10  cents  per  cc.  (probably  less  than 
$1 0/seal  point).  Present  fluids  have  a very  high  start-up  toroue 
(viscosity)  at  low  temperature  and  may  not  be  compatible  with  the  liquid 
metal,  and  a search  for  a better  fluid  such  as  a silicone  oil  may  be 
necessary.  The  use  of  a mineral  oil  carrier  is  presently  bei nq  con- 
sidered in  a Navy  program,  which  utilizes  liquid  metal  current  collectors. 

A visit  to  the  Ferrofl uidi cs  Corporation  was  made  in  November  of  1972 
by  vo  personnel  primarily  to  evaluate  the  feasibility  of  developing  a 
metallic  (liquid  metal)  magnetic-fluid  shaft-seal  for  large  turbine- 
generators.  It  was  concluded  that  the  magnetic  liquid  metal,  necessary 
to  improve  thermal  conduction  for  the  high-speed  (v  10.2  m/s,  20,000  ft/mi n 
snatt  application,  would  require  a research  and  development  effort,  and 
a program  of  that  nature  is  under  consideration.  (Design  with  a con- 
ductive magnetic  fluid  must  also  consider  the  possibility  of  circulating 
current  losses  due  to  radial  field.)  y 
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Both  of  the  above  approaches,  magnetic  fluid  seal  and  matnetic  fluid 
conductor,  require  two  steps  in  the  development  program;  materials 
fluid)  development,  and  configuration  development.  Fluid  properties 
(including  magnetic  characteristics)  are  necessary  to  complete  a desiqn 
study.  Presently,  it  appears  that  magnetic  saturation  due  to  the  hi qh 
circumferential  flux  of  the  load  current  could  greatly  reduce  if  not 
eliminate  the  effectiveness  of  a magnetic  seal  within  the  current 
oop.  i herefore,  although  some  additional  study  would  be  required  to 
verify  that  the  problem  cannot  be  overcome,  it  appears  that  these  con- 
cepts have  ow. probability  of  success  for  a short-range  program,  and 
have  been  eliminated  from  consideration  as  primary  contenders. 
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A10.  Surface  Tens  ion/ Welti nq 

The  feasibility  of  retaining  the  liquid  metal  in  the  current  colWtnr 

otoWs  ?„Heandf  T***  tensi0n'  15  re’ated  to  ga  wld  ° 

rotenL-on  c“dL  u 1'!?  lnf"‘at  the  surfdce-  The 
L 1 V b determined  by  examining  the  case  of  perfect 

wetting  in  the  sealing  zone,  and  complete  non-wettinq  external  tn  that 

SSl!" „u7l*r  93P-  F0’'  *f!s  confi guration^the ‘surface"  ^ 

tension  angle  will  be  zero  or  parallel  to  the  gap  surface. 

nar loi ^ ni"  fP  ^ Ration  may  be  approximated  by  that  between  two 
parallel  plates,  and  the  retention  force  would  be:  ue™een  two 


The  maximum 


(4.2.4.30) 


F 2°’  (4.2.4.29) 

^:1in9  f,Uid-  The  "“1“ 

APmax  = 2o/h’  (4. 2. 4. 3 

where  h is  the  radial  (or  axial  )gap  width. 

For  flaK,  the  surface  tension  would  be  about  1.05  x 10'1  N/m  (6  00  x 10'4 

Wft  Su£capabimy  for  a -dial  ™ 

Apmax  = 206  N/m2  (3-Q  * lb/in2) 

onlvTc^to  6te"Sy°in0L/aK  1S.high-  By  co'Wison,  oils  have  values  of 
only  2 0 to  6.5  x 10-2N/m,  and  water  has  a value  of  7.5  x 10~2  Mercury 

Sn  v N/m2  nT90n  Vn  ?lm0St  5 X 10"  N/m>  but  even  this  would  retain 
fLHV  ; \ 0_1  PSi)  Pressure  difference.  To  contain 

3 62°X  fn-5m  nPA  bhf.gf/ldth  wo^d  have  to  be  reduced  to 

NaK  X ° for  mercury  or  7.61  x 10-°m  (3  x 10-4  in)  for 

ti^n  i-tudbutl0n’  even  bheSe  9aPs  would  n°t  be  adequate  during  rota- 
tion, with  shear  energy  disruption  of  the  surface. 

It  is  apparent  that  surface  tension  cannot  sustain  any  significant 
pressure  difference  and  therefore  cannot  be  utilized  as  aVimary 
seal  It  is  probably  possible,  although  not  easy,  to  place  a number 
of  these  interfaces  in  series,  with  another  fluid  between  ?hem  to 
^r®ase  tbe  Pressure  capacity.  However,  the  large  number  required 
and  the  shear  effect  of  rotation  makes  this  al ternati ve  i nfeasi ble 
Therefore  this  concept  has  been  dropped  from  further  consideration. 
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B1 


Conducting  Wick 


In  the  use  of  a conduct! 
and  the  need  to  wet  both 
electrical  contact  elimi 
Improvement  in  retention 
smaller  or  is  eliminated 
which  is  flexible  and  wi 
in  the  case  of  the  wick- 
"Foametal",  "feltnietal". 


ng  wick  as  a current  collector,  the  large  gap 
rotor  and  stator  elements  to  assure  good 
nates  any  improvement  in  liquid  metal  retention, 
can  result  only  if . the  effective  gap  is  made 
This  may  be  possible  by  providing  a wick 
M deform  as  the  rotor  expands  or  shifts.  As 
type  seal,  the  possible  materials  would  be 
elastomer  sponge,  or  other  fibrous  materials. 

d?ain1z^esUlall>em^Vlded  3 Centrdl  feed  ZOne  and  two  adjacent 
drain  zones,  all  made  up  of  the  same  material,  with  a small  radial  aap 

to  prevent  aerosol  generation.  Gas  flow  may  be  used  to  assist  drainaae 
and  to  improve  containment.  drainage 

Since  the  lip-seal  and  the  hydrodynamic  seal  (A1  and  A3  above)  were  found 
to  be  marginally  feasible,  the  conducting  wick  applied  in  a similar 

sucTa  * Mi?I°Ve  t0  be  adequate‘  Howev-’  since  mi!erlal properties 
ch  i flexibility,  wear  rate,  and  permeability  are  not  established  a 
complete  evaluation  of  feasibility  cannot  be  made  at  this  time.  An 
experimental  program  to  evaluate  various  candidate  materials  is  planned 
An  important  consideration  to  be  evaluated  during  a test  program  is 
the  tendency  of  the  wick  material  to  be  wiped  over  the  pores  at  the 
rubbing  interface  and  possibly  interfering  with  the  flow  of  liquid 


4-56 


1 


E.M.  4705 


I 


I 


1 


B2-  Hydros ta ti cal ly-Posi ti oned  Collector 


ITn  tec?nique  described  for  the  seals  (above) 
rn?wt  b pplled  to.  the  complete  col  lector/sea!  assembly.  The 
col  ector  may  be  positioned  either  axially  or  radially.  If  radially 
applied  the  collector  ring  must  be  segmented  or  otherwise  flexible7 
enough  to  permit  the  changes  in  diameter  required  to  follow rotor thermal 

seSarrtrsL"  sditHenS1'°naJ.t0leranCe  va^°ns.  In  com JIhsS  to  Se™1 
I f ; 51S  COnfl  Ration  has  only  one  floating  member  instead 
, but  introduces  two  NaK/copper  contact-resistance  interfaces  in 

floating  a'semb b®  fea'ible  to  J°in  the  two  seal  • to  form  one 

?:  to  provide  a conducting  flexible  bellows  or  spring 

re^wl  c°11ect°r  to  eliminate  a second  liquid-metal  contact- 
esistance  interface,  but  this  would  complicate  the  designs.) 


Many  design  configurations  at'e  possible, 
are  listed  below: 


Some  of  the  alternatives 


1)  Use  of  liquid  metal,  oil,  or  gas  as  the  positioning  fluid. 

2)  Either  annular  channels  or  localized  pockets  for  the  liquid  metal 
for  the  second  fluid,  and  for  the  drain  chambers. 

31  f,Uid  ,eSS  tha"'  equal  t0  0r  3reater  than  that 

WnI1hP0CketS/e  expected  to  improve  the  stability  of  the  collector 

r no  is  finlj1?9  * rHSt?iin3-mTnt  ! 0r  center1"q  force)  when  the 
r 1 m nf  IVl radially  displaced).  An  annular  ring  would  permit 

rp-tn  fere!tia  f aW  t0  equa1ize  the  Pressures  and  thereby  reduce  the 

from  the9|’hvbHH''  ■' Jrat- °n  pontaininq  local  pockets,  adapted 

trom  the  hybrid  pad  design,  is  shown  in  Fig.  4. 2. 4. 7. 

I^a]ternatlVe  °f  an  annu1ar  groove  has  the  advantage  (over  pockets) 
that  an  increase  in  the  relative  motion  (angular  velocity)  of  the  rotor 
"!  ’ ncrease  the  liquid  metal  recirc  ? ,o  requirement 

r £ &■:  « 

q'oovTafislitiif  inlet"  ^ * 10'3”’  (°'°83  ,,n)  f°r  a"  a"™lar 

wIleiJSe  °r  a gas  t0  Provide  the  collector  positioning  force 

Tuli  ?hke  thl s ] "dependent  of  magnetic  forces  that  might  otherwise 
n,l!nn  the  °peratl0n  if  t,ie  conducting  liquid  metal  is  used  for  this 
uis^nSe’  V Pro^aBly  Preferable  to  oil  because  of  the  much  lower 
shnu?HShp°WeH  °SSi  al though  an  evaluation  of  damping  requirements 

aSoelr  tn  Hp  ’ ^ "t  separation  from  the  liquid  metal  does  not 

appear  to  be  a problem  with  gas.  However,  the  design  sealing  requirements 
may  be  more  complicated  if  a separate  system  is  required  for  the  gas 

metal^would  Hp  ^ ,P°Cket’  relative to  that  of  the  liquid 

metal,  would  be  related  to  the  pocket  size  and  geometry. 
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Local 

Pocket 


Rotor 
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Fig.  4. 2. 4. 7:  Adaptation  of  pad  design  to  annular  collector  ring 


For 
the 
si  mi lar 


the  present  evaluation,  a configuration  will  p°  assumed,  which  uses 
iquid  metal  to  provide  positioning  force,  and  which  has  dimensions 
*"  to  those  now  being  considered  for  the  "hybrid"  pad. 


Good  containment  of  liquid  metal  within  the  collector  ring  Docket  is 
expected  This  is  due  to  the  small  seal  gap,  and  the  gas  flow  into  the 
nnular  drain  chambers  from  the  machine  gap.  (The  required  gas  flow 
velocity  and  corresponding  pressure  drop  must  be  determined.)  Since 
he  drain  grooves  are  annular,  a step  or  projection  could  be  provided 
so  that  the  gas  seal  lips  would  overlap  the  rotor  and  not  be  directly 
in-line  with  the  liquid  metal  seal  gap.  y 


The  drain  channels  should  be  evaluated  to  assure  that  they  can 
adequately  handle  the  liquid  metal  flow  without  filling  or  significant 
accumulation  at  the  bottom  of  the  annular  channel.  Assembly  require- 
ments will  probably  necessitate  a split  seal  ring,  and  two  or  more 
segments  may  be  preferable  to  a rotationally  symmetric  desiqn  to  prevent 
leakage  at  the  split.  (Sealing  of  the  stator  split  may  sti?l  be  required.) 


For  power  loss  calculations,  it 
is  insulated  to  prevent  current 


will  be  assumed  that  the  collector  ring 
flow  except  in  the  area  of  the  local 
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pressure  pockets.  This  reduces  the  MHD-induced  viscous  power  loss  and 
also  reduces  the  recirculating  (eddy)  current  which  produces  a power  loss 
and  an  ejection  pressure.  K 

•jn^Ahe,MH^f0rCe  °CCUrS  °nly  in  the  P°cket>  where  the  tangential  flow 
Thi  c ' th®.  V1^C°U^  losses  Wl11  be  primarily  in  the  narrow  seal  gap 
This  can  be  estimated  from  Fig.  4. 2. 4. 4 of  concept  A2,  as  less  than  P 

gap  o?  fv/lo-il  &VU:1  x ,0~2m  (0-825  1">  and  a "<uid  “tal 

InV^dr.Vwf  0tTC  ,0SS  due  ?°  bu,k  vity  of  the  ’iqui d metal 

in  a cylindrical  volume  was  previously  defined  as 

PB  - J2(v0l)/0, 

where:  o = conductivity  of  the  liquid  metal  (2.20  x 106  mhos/m  for  NaK). 

for  2.48  X 107  A/m2  (16,000  A/in2)  current  density  and  a pocket  cross- 

sectional  area  of  1.73  x 10‘V  (0.268  in2),  the  £ower  loss  becomes 

PB  = 48.4  kW  per  meter  (1.23  kU/in)  of  pocket  depth  (for  each  pocket). 

For  70  pockets  with  a depth  of  1.52  x l0-3ra  (0.06  in),  the  total  power 

loss  due  to  bulk  resistivity  would  be.  P 

Pg  = 5.16  kW. 

lt  will  ^°bably  be  necessary  to  add  dams  or  otherwise  design  to 
prevent  MHD-induced  viscous  losses  in  the  liquid-metal  supply  annulus  behind 
""?■  ^e  load  current  ohmic  loss  in  this  annilus  will 
epend  on  final  dimensions,  but  a rough  estimate  will  be  made  based  on 

1 4«dvSm-^,OI?n  S?4-4!?6  ^dbh  is  the  5am§  as  the  P°cket  diameter, 

1.48  x 10  m (0.583  in),  the  depth  is  3.18  x 10“4n(0.125  in),  and  that  the 

full  area  is  uninsulated.  The  conduction  area  and  current  density  are 
A = 1 .83ir(l  .48  x 10~2)  = 8.5  x lCr2m2  (132  in2) 

J = 300,000/8.5  x 10"2  = 3.53  x 106A/m2  (2,270  A/in2) 

The  power  loss  becomes; 

PB  = (3.53  x 1 06 ) 2 ( 8 . 5 x 10"2)(3.18  x 10'3)/2.2  x 106 
Pg  = 1.53  kW. 

The  contact  resistance  loss  for  each  i nterface  pai r due  to  load  current 

Wl  I | D0! 


pc  = ekJI’ 


(4.2.4.31 ) 
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where: 
for  the 


F k ~ specific  contact  potential  (4.1  x 10"9  Vm2/A). 
pockets  and  the  annular  supply  ring  would  be 

= 4.1  x 10‘9  ( 300,000) (2.48  x 107  + 3.53  x I06) 


E.M.  4705 
The  total 


Pc  = 30.5  kW  + 4.33  kW  = 34.8  kW. 


Due  to  the  larger  area,  it  i 
loss  is  associated  with  the 


s seen  that  only  about  15%  of 
annular  supply  channel . 


the  contact 


The  eddy-current  ohmic  power 
assuming  c = o,  would  be 


loss  per  unit  area,  without  laminations  and 


P 


B2V2L2o 
12  d 


- 79.6  kW/m2  (51 .4  W/i n2) 


(4.2.4.32) 


where:  B = flux  density  normal  to  collector  fO.l  T) 

V = linear  velocity  of  collector  (17.3  m/s) 

L = collector  width  (1.48  x I0"2m,  max) 

O = liquid  metal  conductivity  (2.2  x 106  mhos/m) 
d = conducting  gap  thickness  (1.52  x 10"3m) 


The  power  loss  would  be  less  than  that  shown  above 
pocket  area  is  circular  rather  than  rectangular, 
power  loss  for  the  ?0  pockets  would  be  less  than 


, since  the  conduction 
The  total  eddy-current 


P - 79 .6 (70) (1 .73  x 10~4)  = 0.964  kW 


The  following  table  summarizes  the  power  loss  approximations  These 
M ‘°  ?Stab’iSh  *"e  re,at1ve  9nl ficance  of  each  ty  of 
developed  “ '"ay  96  9reat,y  ds  a co11ector  design  is 


Type  of  Loss 
Viscous 

Bulk  Resistance 
Pockets 
Supply  Ri ng 
Contact  Resistance 
Pockets 
Supply  Ring 
Eddy  Current 
Total 


Power  Loss  (kW) 
Lecs  than  1 .5 

5.16 
1 .52 

30.5 

4.33 

0.96 

44.0 
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Review  of  the  table  leads  to  the  conclusion  that  a reduction  in  current 
density  to  reduce  contact  losses,  should  be  made  by  increasing  the 
number  of  pockets  or  by  increasing  the  pocket  area. 

The  leakage  of  a circular  pad  (hybrid  design,  Eq . 4. 2. 5. 5)  would  be: 

7T  C 3 P ! 

Qp  = 6p  ln(D2/D1 ) (4.2.4.33) 

where:  Op  = leakage  flow 

c = seal  clearance 
u = absolute  viscosity 
- outer  diameter  of  seal 
= inner  diameter  of  seal 
P-|  = pocket  pressure 

for  the  pad  presently  under  consideration,  the  following  values  may  be 
assumed:  J 

c = 1 .27  x 10" 5m  (5  x 10“4in) 

v = 5.2  x 10"4  N-s/m2  (7.55  x 1 0_81 b-s/i n2 ) 

D2  = 2.1  x 10'2m  (0.825  in) 

D]  = 1.48  x 10"2m  (0.583  in) 

P]  = 137,900  N/m2  (20  lb/in2) 

Aq  = 1.73  x 10  4m2  (0.268  i n2) (conducti on  area) 

This  results  in  a leakage  flow  of: 

Qp  = 50  cc/min  (0.051  in3/s). 

For  300,000  amperes  and  2.48  x 107A/m2  (16,000  A/in2),  the  required  area 
for  all  the  pads  on  a single  collector  is  1.21  m2  (18.75  in2),  and 
therefore  70  pads  will  be  required  (this  would  give  about  8.13  x 10"2m 
(3.2  in)  of  circumference  per  pad),  and  the  total  leakage  would  be: 

Qp  = 3,500  cc/min  (0.356  in3/s). 
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For  comparison,  from  Eq. 
leakage  flow  (inward  and 


Q = 


IT  C3  P 
0 

1 2u  L/D’ 


(4. 2. 4. 4),  an  annular  gap  would  have  a 
outward)  of  approximately: 


(4.2.4.34) 


where:  D - collector  diameter 

L = seal  length 


If  the  seal  length  is  taken  to  be  the  same  as  that  for  the  pad 
the  flow  may  be  calculated  as: 


■), 


Q - 10,100  cc/min  (10.3  in3/s). 


This  is  almost  three  times  as  great  as  that  for  the  pads. 

It  is  possible,  however,  to. machine  local  pockets  in  a collector  rinq 
in  which  case  the  leakage  will  be  less  than  or  equal  to  that  for  the9 
pads.  (The  viscous  power  loss  would  be  greater  if  the  seal  arpa  k 
greater  than  that  for  the  pads.)  'S 


The  effect  of  gravity  head 
ring)  is  relatively  small  , 
is  established. 


^about  15,170  N/m^,  2.2  lb/in3,  for  an  annular 
but  should  be  considered  when  a firm  design 


Ejection  pressure  built-up  by  rotational  forces  may  be  evaluated 
(approximately ) on  the  basis  of  a model  consisting  of  a thin  annular 
liquid-metal  ring  of  radial  thickness  "L" , If  the  rotational  velocity 
of  the  liquid  ring  is  assumed  to  be  half  that  of  the  rotor,  the  pressure 
at  the  outside  diameter,  required  to  constrain  this  fluid,  would  be: 


p = rotational  force/area 


P 


12ttRwLp)R(„/2)2 

2ttRw 


LpRa>2/4 , 


where:  w 

L 

p 

R 

or 


ring  width 
radial  thickness 
mass  density  of  liquid  metal 
radius  of  thin  ring 
angular  velocity  of  rotor. 


(4.2.4.35) 
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The  pressure  may  be  evaluated  with  the  following  values  used  in  the 
above  equation 

L = 2.54  x I0'2m  (1 .0  in) 

p = 865  N-s2/in4  (1.68  lb-s2/ft4) 

R = 9.15  x 10  ^ m ( 36  in) 

w = 18.8  rad/  s (180  r/min) 

The  result  is  the  small  pressure: 

P = 1790  N/m2  (0.259  psi),  for  2.54  x I0‘2m  (1.0  in)  radial 
thickness. 

MSi!.0?  So^dUbree:reSUUin3  tr°™  '0ad'current>  a 


PL  6'28  x 10  *p  • (4.2.4.36) 

where:  Ip  = load  current  per  unit  circumference  (A/m) 

PL  = ejection  pressure  (N/m2). 

For  the  assumed  current  density  of  2.48  x 107A/m2  (16.000  A/in2),  and 

unit  SCrnH  P!°  d,amete^  of  ]-48  x 10"2^  (0-583  in),  the  current  per 

*1  5hl  Sr  rr9umfr!nce  WOuld  vary  from  zer"  at  each  end  to  a 
the  central  line  (of  maximum  radial  height  ) of  I = 

367,000  A/m  (9,330  A/in).  This  is  equivalent  to  a peak  pressure  of: 

PL  = 84,600  N/m2  (12.3  lb/in2). 
max 

This  value  is  sufficiently  large,  that  a more  detailed  analysis  c* 
the  load-current  influence  or,  positioning  (gap)  and  flow  rate  is 
requi red . 

The  interaction  of  radial  field  "B"  and  axial  current  density  "J"  (for 

forrp'wh  rh'fc  ed-?0llrt0r  rin?}  reSultS  in  a circumferential  body 
torce  which  is  similar  to  a gravitationally-induced  pressure  head.  The 
peak  pressure,  at  one  ci rcumf erenti al  point,  will  be: 


max 


= (J  x B)d, 


(4.2.4.37) 
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where: 


d = 14.8  x 10  3m  (0.583  in.  pocket  diameter) 
J = 2.48  x 107  A/m2  (16,000  A/in2) 

B = 0.05  T 


max 


= 18,300  N/m2  (2.66  lb/in2). 


For  a radially-applied  collector  the  result  w^.ld  be  similar  except 

fi'elVofT?  Tf'?ld  ^Uld  be  USCd  in  the  station.  For  an  axial 
Tiem  or  o.l  Tesla,  the  maximum  pressure  would  be  = 


max 


36,600  N/m2  (5.32  lb/in2). 


co]1e^tor  rin9>  radial  thermal  expansion 
relative  to  the  rotor,  and  the  rotor  shift  due  to  the  0.012  in.  radial 

thercoliPr?nranCe’  Sh?Uld  n0t  afFect  operation-  However,  expansion  of 
the  collector  ring  relative  to  the  stator  could  cause  binding  or 

mn^^i^^r  and  PrTnt  axia1  movemer't-  Sufficient  clearance 
inust  be  allowed  to  accommodate  this  relative  growth,  or  the  ri  no  should 
be  segmented.  A radially-applied  collector  would  aiso  have  tale 
egmented  to  permit  relative  thermal  expansion.  In  both  cases,  static 

eal  friction  must  be  made  negligible  relative  to  the  restoring  force 
which  positions  the  collector  ring.  revering  rorce 

The  force  required  to  oppose  the  torque  and  prevent  rotation  due  to 
viscous  drag  wou.d  be  small  (unless  a rub  occurs).  From  Eqs  (424  8) 

?nc  ^evi°usly  determined  viscous  drag  power  loss  of  less  than' 

1.5  kw,  this  force  will  riot  exceed: 


FX  = 


87.2  N (19.6  lb) 


A detailed  examination  of  thermal  gradients  in  the  collector  ring 
will  be  required  to  assure  that  distortion  of  the  sealing  surface 
oes  not  occur.  Additional  areas  of  concern  which  should  be  investigated 
when  a more  definite  design  is  established  are  the  stability  of  the 
ea  , in  relationto  oscillation  of  the  ring  or  segments  (both  parallel 

in^H,i1ent  11  1:1 °f  the  rin9)  and  in  response  to  acceleration 
Th!  poss1blllty  of  oxide  material  reaching  the  seal/rotor 
interface  and  causing  abrasive  wear  should  also  be  considered. 

!iuansf?1r  rem?ve  the  viscous  and  electrically-induced  losses 
from  the  collector  ring  will  depend  on  the  cooling  techniques  used 
in  the  rotor  and  stator.  The  temperature  does  influence  the  seal  gap 

• , TjW,r^te  oF  the0  1„qu!d  mfetal  ’ but  if  operating  temperature 

than6  ibe  Th-ab°f£  9*  C,(2?Sf\F)’  the  vari afi on  is  expected  to  be  less 
than  lb/.,.  This  effect  should  be  reviewed  again  when  a more-definite 
design  is  selected. 
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The  acceptabi li ty , from  an  electromagnetic  point  of  view,  of  local 
conduction  paths  at  each  pocket,  as  opposed  to  a rotationally  symmetric 
<jctor  , should  be  verified.  The  pocket  width  used  in  this  sample 
analysis  subtends  an  angle  of  0.927°  with  a spacina  (pitch)  of  5 15° 

nn«ihierSfJ8  ,°f/hu  drcumference.  For  a mul  ti  pi  e-turn  machine,  the 
possible  effect  of  this  lack  of  rotational  symmetry  on  the  magnetic 
forces  in  the  liquid  metal  should  also  be  investigated. 

The  possible  "aqing"  (loss  of  elasticity)  of  the  static  seals  should 
De  investigated  if  a material  such  as  Buna-"N"  is  used  for  this 

bePcrit?ca"'  H°WeVer’  minor  1eaka9e  at  these  sealing  pojnts  should  not 

h radial  application  of  the  collector  segments  might  permit  a smooth 
cy  iridncal  rotor  and  therefore  a simpler  assembly.  An  axially-applied 
collector  would  probably  also  be  split  at  least  on  the  horizontal 
centerline,  for  assembly  purposes.  The  collector  ring  can  be  pushed 
back  to. increase  the  clearance  for  assembly.  Additional  design  effort 
is  required  before  an  assembly  procedure  is  established. 

The  ability  of  the  collector  to  follow  movements  of  the  rotor  will 
establish  permissible  run-out  tolerances,  and  this  must  be  determined 
thiough  further  design  and  perhaps  experimentation.  Flatness  of  an 
axially-applied  collector  (or  circularity  of  a radi ally-appl i ed  seal) 
may  be  ^manufacturing  problem  due  to  the  small  clearancp  (^  1 27  x 10-5m 
5 x 10  in)  and  large  diameter  (%  1.83m,  72  in),  unless  the  collector 
is  segmented  or  made  sufficiently  flexible  so  that  it  conforms  to 
the  rotor,  fabrication  cost  should  be  investigated  when  a more 
definite  design  is  established. 

Under  ideal  operating  conditions,  no  collector  wear  would  be 
expected  since  no  mechanical  contact  occurs,  unless  contaminants  block 
he  restrictions  or  oxide  particles  result  in  abrasive  wear.  Seal 
replacement  or  repair  would  probably  be  difficult  and  expensive. 

In  summary , the  hydrostatical ly-posi ti oned  collector  ring  is  very 
simijar  to  the  hybrid  pad  design.  It  has  the  advantage,  however, 
that  collector  rotation  does  not  tend  to  drag  liquid  metal  from  the 
sealed  area.  Also.,  more  design  flexibility  is  provided  since  gas- 
pressured  positioning  pockets  may  be  interspersed  along  the  circumference. 

iis  is  particularly  important  if  contact  resistance  is  a significant 
factor  since  the  number  of  contact  pairs  can  be  reduced  from  two  to 
one..  (The  hybrid  pad  can  probably  be  extended  circumferentially  to 
provide. an  intermediate  configuration  with  similar  advantages.) 

Conformity  of  a large-diameter  ring  to  the  mating  rotor  may  be  a 
problem  unless  the  ring  is  segmented  or  flexible.  The  concept  appears 
.o  be  feasible  but  its  success  is  dependent  upon  the  maintenance  of  a 
very  small  clearance  without  rubbing. 

TheT?r>  wi!'.be  continued  to  evaluate  alternative  configurations 

and  to  estab,ish  •" 
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B3.  Flooded  Labyrinth 

A (semi-)  flooded  labyrinth  will  not  be  effective  with  the  large  radial 
clearance  necessary  to  prevent  rubbing  and  the  low  leakage  velocity  for 
reasonable  recircul ation  rates.  It  may  be  used  as  a retractable  or 
hydrostatic/hydrodynamical ly-posi tioned  device,  but  these  are  covered 
in  other  sections  of  this  report.  Another  alternative  is  the  addition 
of  solid  material  particles  between  labyrinth  seal  strips.  If  th° 
particles  are  sized  or  shaped  such  that  they  cannot  escape  through  the 
seal  gap,  and  if  the  material  is  selected  so  that  the  liquid  metal 
readiTy  wets  the  particles,  then  it  may  be  possible  to  retain  the  liquid 
metal  within  the  conducting  seal.  This  concept  then  becomes  similar  to 
the  Variable-Viscosity  Buffer  Material  (A5  above),  which  has  more 
Nexibnity  in  material  selection  since  either  the  liquid  metal  or 
another  fluid  may  be  used.  Therefore  the  FI ooded-Labyrinth  concept  will 
not  be  considered  further.  H 


B4.  Conducting  Bearing 

A roller  or  ball  bearing  may  be  used  to  maintain  concentrici ty  uetween 
tne  stator  (outer  race)  and  the  rotor  (inner  race),  to  improve  the  per- 
formance of  a lip-type  seal.  A sealed  bearing  might  be  used,  eliminatinc 
the  need  for  a separate  sealing  device.  If  the  sealed  bearing  is  filled 
with  liquid  metal,  then  the  rolling  elements  will  bo  lubricated  by  the 
liquid  metal  and  an  electrical  conduction  path  would  be  provided  between 
tne  rotating  and  stationary  parts.  (Provisions  must  be  made  for  relative 
expansion  in  the  radial  and  axial  directions).  A preliminary  survey 
shows  no  bearings  available  which  are  intended  for  operation  as  hioh  as 
180  rpm  for  diameters  of  about  1.83  m (72  in.).  Therefore  this  concept 
will  not  be  investigated  further  at  this  time. 
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c • LOW-SPEED  flooding  or  low-speed  brush  contacts 

Cl . Pressure-Controlled  Liquid  Volume 

If  the  machine  is  initially  flooded  with  liquid  metal,  then  as  the  rotor 
is  brought  up  to  speed,  projecting  collector  rings  will  act  as  viscous 
pumps  tending  to  increase  the  fluid  pressure  in  the  collector  reqion. 

If  the  liquid  metal  supply  system  is  designed  to  maintain  a constant 
pressure  in  the  collector,  and  if  this  pressure  corresponds  to  a semi- 
til  ed  collector  (the  outermost,  conducting  reqion  of  the  collector 
would  be  completely  filled)  at  full  speed,  then  the  fluid  in  the  machine 
jap  will  low  toward  the  collector  as  the  speed  is  increased  and  will 
be  drained  into  the  recirculation  system  until  the  proper  fluid  level  is 
reache  in  the  collector.  As  the  speed  is  reduced  and  the  centrifugal 
pressure  reduced,  the  fluid  will  be  pumped  back  into  the  collector  and 
eventually  into  the  gap,  flooding  the  machine  at  standstill.  In  this 
manner,  an  acceptable  viscous  power  loss  may  be  achieved. 

Th5  part"Lpeed  power  loss  of  thl's  s-^stem  would  have  to  be  evaluated 
and  the  effect  of  MHD  pumping  of  the  liquid  metal  must  be  included 
However,  since  the  machine  insulation  would  have  to  be  designed  for 
flooded  operation,  and  since  the  objective  of  this  study  is  to  develop 
further°rS  f°r  -un--loode-d  ^chine,  this  concept  will  not  be  carried 

C2.  J-QW-Speed  Brush/High-Speed  Liquid 

The  use  of  solid  brushes  at  low  speed  which  are  retracted  at  high  speed 
after  injection  of  liquid  metal  permits  the  use  of  liquid  metal  onfy 
at  the  high  speeds  where  brush  wear  and  power  loss  would  be  hi q h and 
whe^  centrifugal  containment  of  the  liquid  is  effect  However  the 
win  hi  3 Ual  Hy/teI?  Wl11  be  large’  Periodic  replacement  of  brushes 

deiontaminatinn  thls,re^ires  removal  of  the  liquid  metal  and 

decontammation  of  the  machine),  the  brush  material  would  probably  have 

be  conta^dlb  Tn?al  ,tHe  ’ and  the  brush  wear  debris  must 

be  contained.  Total  size  of  the  dual  system  may  also  be  a problem. 

Although  this  concept  appears  to  be  technically  feasible,  it  does  not 
seem  to  be  a practical  solution  to  the  collector  problem  and  will  not 
be  considered  further,  in  the  present  study. 

C 3 . Gas  Injection 

is  r6dUCe  viscous  P°wer  loss  in  a flooded  machine 

rotatina  ct  J-°  C°Ver  2as  to ,disPlace  the  liquid  metal  at  the 
2 ?[  stationary  surfaces  (or  both).  Injection  of  gas  may  be 

cnppric°r  through  porous  walls,  and  may  be  continuous  or  only  at  hioh 
hp  !d  • HJTer;  a3  in  concept  Cl  above,  the  machine  insulation  must 
studfifthP  7 f °°ded  0peration*  Also,  since  the  objective  of  this 
wil/not  e5aeIua?edmefur^ernfl00ClCd  maCh1'ne  C°',eCt0rS-  this  “"<=ePt 
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D . Axj a 1 I njec tion  (or  Radial  E.iecti on) 

D1 . Inertial  Containment 

Inertial  containment  would  utilize  the  kinetic  energy  of  the  liquid 
metal  as  it  enters  the  collector,  to  contain  or  rotate  the  fluid  within 

be^annential'  Pro^a^y  the  most  effective  configuration  would 

be  tangential  inlet  ports  at  both  sides  of  the  collector,  causino 

unidirectional  rotation  of  the  liquid  metal  annulus,  with  tangential 
exit  ports  near  the  center  of  the  collector  width.  Wind-back  type 
grooves  between  the  inlet  and  exit  ports  may  assist  in  preventing 
leakage  flow  out  of  the  collector  reqien.  Analysis  of  the  velocity 

draTa^th^r1?!5"^  ™ TUlUS  WOu1d  be  difficult  when  the  viscous 
drag  at  the  collector  surfaces  are  considered.  At  present  it  is  felt 

that  the  probability  of  developing  a feasible  configuration  of  ihis 

concept  is  small,  and  therefore  a detailed  analysis  is  not  justified. 


D2.  Venturi  Effect 

Proper  orientation  of  the  liquid  metal  inlet  flow  and  the  shaping  of 
the  annular  passage  to  minimize  disturbance  and  to  guide  the  liquid 
irectly  toward  the  exit,  would  reduce  the  tendency  for  aerosol ^or- 

either  in  ti  T fr0m  bhe  Sector.  The  liquid  metal  inlet  could  be 
decinnpH  r°t0r  orrfhe  stator>  but  rotation  of  the  rotor  should  be 

Howeve^  HmpT0^9?  f °W  al°n9  tHe  n°rmal  path  rather  than  °PP°se  it. 
r 1 : 1ar?J  annular  pp  area,  the  flow  rate  in  the  axial 

i a 1 direction  would  have  to  be  very  larqe  to  provide  sufficiently 
high  velocity  to  create  a venturi  effect  for  containment.  Therefore 
this  concept  will  not  be  pursued  further. 
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F . Zero - Pressure  (Free  F all ) 

E 1 • Varia bj e-Area  Annul u s 


This  technique  is  similar  to  the 
described  above,  except  that  the 
annulus  is  varied  to  permit  a mate 
tion  head  to  prevent  a pressure  ri 
top,  to  the  exit  at  the  bottom  of 
be  obtained  either  by  tapering  the 
a smaller  value  at  the  bottom,  or 
manner.  The  possible  advantage  of 
recirculation  flow  rate,  since  the 
(and  will  be  assumed  equal  to  zero 
Bernoulli's  equation,  for  constant 
factor,  becomes: 


Deep-Groove  Labyrinth"  system  (A4) 
cross-sectional  area  of  the  collector 
n'ng  of  inertial  head  with  qravita- 
se  from  the  liquid  metal  inlet  at  the 
the  annulus.  The  area  variation  could 
radial  gap  thickness  from  the  top  to 
by  varying  the  width  in  a similar 
this  technique  is  a lower  liquid  metal 
wall  friction  draq  is  not  required 
for  the  initial  computation), 
pressure  and  negligible  friction 


v]/2g  + z1  = v2/2g  + z2 


(4.2.4.38) 


Examining  this  expression  from  inlet  to  exit  gives: 


A(v^)  = 2gAZ  = 2gD  = 35.9  m2/s2  (386  ft2/s2) 


For  example,  if  v]  = 0,  then  v2  = 5.99  m/s  (19.7  ft/s),  or: 
v]  = 1.52  m/s  (5  ft/s);  v2  = 7.10  m/s  (20.4  ft/s) 

V1  = 3.05  m/s  (10  ft/s);  v2  = 7.66  m/s  (22.0  ft/s) 

inlet  ar)i  exit  tlow  rates  must  be  equal,  the  annulus  cross- 
sectionalarea  must  vary  inversely  with  the  velocity.  If  the  channel 

wide  6 since  theVvV  T "l/0',125  !n-)  radially  and  6.35  x 10"3m  (0.25  in.) 
i e,  since  the  exit  velocity  is  relatively  constant  at  -v6.io  m/s  (20  ft/s) 

the  flow  rate  through  two  parallel  paths  would  be: 

Q = Av  = 14,750  cc/min  (15.0  i n . 3/ s ) 

Inr  ^let  w]dtb  could  be  varied  depending  on  the  selected  velocity. 

For  an  inlet  velocity  of  1.52  m/s  (5  ft/s),  the  width  of  a 3.18  x‘ 1 0"3m 
(0.125  in.)  radial  gap  would  be: 


w = (6.10/1.52)  6.35  x 1 0"3  = 2.54  x 10"2m  (1.00  in 


in. ) 
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Thp  calculated  velocities  were 
pt  essure  drop  (even  for  a zero 
at  best,  must  be  a combination 
then  the  concept  of  concept  A4 
then  of  uniform  cross-section 


f-  , J , ~ — ^ w . me  vai  laui 

fore  be  dropped  from  further  consideration. 


not  negligible  in  te^is  of  wall-friction 
in  ar,d  tnerefore  this  approach, 

i-'ith  that  of  concept  A4.  For  simplicity, 
should  be  preferred,  since  the  annulus  is 
i he  variable-area  concept  should  there- 


F • Constant-Speed  Seal  Rotor 

Rotation  of  liquid  metal  in  the  collector  annulus  may  be  achieved  by 

t ™ nhmagnntlC  °'  injection  denial  forces  as  described  above  or 
through  mechanical  or  viscous  shear  forces  induced  by  a separately 

iT9'  n °?e  P°ssible  form>  this  ring  could  be  the  collector 
stitnr^n  ’ +S  9 ^otatin9  '^"-shaped  channel  with  both  a rotor  and 
stator  collector  ring  projecting  into  the  liquid-metal  filled  well 

h,2  r!ng  (wen  ) could  be  hydrostatically  floated  on  its  outside  diameter 
a ui  he.  eanS  function  and  if  coyer  gas  were  used  as  the  hydro- 
ic  fluid,  it  might  also  be  allowed  to  escape  in  a tangential  directior 
to  prov^e  a rotational  reaction  force.  In  addition  to  machining  com 

Therefore3??/'!^  liq“ld.metal  suPPly  and  drainage  would  be  difficult, 
erefore,  a detailed  analysis  of  this  design  will  not  be  made. 
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4 . 2 . 4 . 3 Summa ry  of  R e suits 

Of  the  25  to  30  concepts  that  were  studied,  three  have  been  selected  for 
continued  development.  Two  of  these  are  hydrostatical ly-pc ;i tioned  (the 
seal  A1 , and  the  collector  ring  B2)  and  have  similar  advantages.  The 
ability  to  maintain  a very  small  clearance  gap,  between  the  large- 
diameter  rings  and  their  mating  rotor  surfaces,  is  the  primary  area 
of  concern.  The  rings  will  probably  be  segmented  or  made  flexible  to 
improve  conformity  to  the  rotor  surface. 

The  third  selected  concept  uses  a simple,  inexpensive  lip-type  oil 
seal  for  the  large-motor  applications  with  tip  speeds  of  about  3500  fpm 
or  less.  Experimental  evaluation  of  this  concept  should  be  relatively 
simple. 

Further  study  of  concepts  utilizing  electromagnetic  retention  forces 
will  be  pursued  in  order  to  achieve  a practical  configuration.  Analysis 
shows  that  adequate  forces  can  be  achieved  with  reasonable  current  and 
flux  densities,  and  acceptable  size  and  power  loss. 

A number  of  concepts  are  dependent  upon  the  development  of  r:„-w  materials, 
and  further  effort  in  this  area  is  expected  to  be  productive;  in 
particular,  the  characterization  and  evaluation  of  presently  available 

felt-,  foam-,  and  wick-type  materials  for  sealing  or  impregnation  with 
1 iquid  metal . 
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4,2.5  Hybr id  Col  1 ec tors 

The  hybrid  collector  is  in  general  a cross  between  a solid  brush  and  a 
liquid  metal  annulus  current  collector.  Specifically  the  hybrid  collector 
cons15  s of  hydrostatically  positioned  pads  which  utilize  liquid  metal  for 
hydrostatic  support  as  well  as  current  transfer.  Each  hybrid  pad  is 
designed  such  that  the  liquid  metal  is  confined  to  sealed  flow  paths. 

The  present  objectives  are:  1)  to  establish  collector  geometry  for  a 

typical  ®PP]i.cation,  2)  to  define  problem  areas  for  future  study,  and 
3)  to  establish  collector  feasibility. 

Table  4.2.5. 1 is  a list  of  general  requirements  that  are  used  to  evaluate 

ieas1'bi;u*  f?r  the  w>rid  collector.  These  general  require! 
ments  apply  to  any  homopolar  machine  that  would  use  a hybrid  current 

curJent°rnllIa?ir  V-5,2  ]s  * list  of  5Pecific  requirements  for  a hybrid 

ca  p ^ An  P.nnn0^  Whe"  app1lfn  t0  9 Ch°Sen  aPPlication,  which  in  this 
case  is  an  8000  horsepower , 500  rpm  motor. 

A schematic  of  the  hybrid  current  collector  is  shown  in  Fiqure  4. 2. 5.1 
The  stator,  represented  by  the  shaded  port  on,  houses  and  provides’ 
suppo,  l for  the  hybrid  pads.  By  design,  movement  of  the  pads  is  restricted 
to  reciprocating  motions  along  their  axial  centerlines.  Current  is  trans 
ferred  from  the  rotor  to  the  stator  or  vice  versa  through  the  pads.  Liquid 

through  holes  in  the  stator.  The 
the  pad  from  the  inside  of  the  machine 
pressurized  with  buffer  gas).  Figure 
revealing  current  transfer  and 


metal  flows  into  and  out  of  the  pad 
confinement  buffer  gas  flows  toward 
(i.e^,  the  inside  of  the  machine  is 
4. 2. 5. 2 shows  a typical  hybrid  pad. 


supporting  fluid  flow  paths.  A detailed  description  and  analysis  of  the 
current  transfer  and  fluid  flow  for  the  hybrid  pad  will  be  covered  in  a 
later  section  on  theory. 


Figures  4 2.5.1  and  4.  2. 5. 2 show  a_xj_a]_]y  mounted  hybrid  pads.  Location 
of  the  pads  on  one  of  the  rotating  ring’s  flat  sides,  rather  than  on  its 
curved  circumference  (radially  mounted  pad),  was  selected  here  because: 


1)  The  machining  costs  associated  with  matching  flat  surfaces 
are  expected  to  be  less  than  the  costs  associated  with 
matching  curved  surfaces. 

2)  The  general  theory  for  the  flat  surface  type  collector  is 
applicable  to  the  rounded  surface.  If  a distinct  advantage 
is  found  for  the  radially  mounted  over  the  axially  mounted 
collector,  the  analysis  would  remain  valid. 
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General  Requirements  for  Reversi n£  Collectors 

1.  Horizontally  mounted  machine. 

1.  Variable  speed  with  reversing  capability. 

3.  Max.  current  = 300,000  A. 

4.  Max.  collector  current  density  = 2.48x1 07  A/m2  (16000  A/in2). 

5.  Max.  col’. ec tor  cross-sectional  space  0.038  m axially  by 

0.038  m radially  (1.5  in  x 1.5  in). 

6.  Max.  allowable  collector  loss  = 2%  total  power. 

7.  Liquid  metal  leakage  to  be  near  zero. 

8.  Collector  must  pass  150%  rated  current  at  zero  speed  for 

10  secs. 

9.  Collector  must  be  operable  cold  without  pre-heating. 

10.  Collectors  for  a machine  must  be  supplied  from  a common  liquid 

metal  source. 

11.  Collector  must  be  capable  of  deceleration  from  full  speed 

forward  to  full  speed  reverse  in  several  seconds. 

12.  Collector  shall  be  designed  for  sudden  stops. 

13.  Collector  shall  be  designed  for  sudden  load  changes. 

TABLE  4. 2. 5. 2 - Specific  Requirements  for  Typica  1 Applica tion 

1.  Type  machine  = motor  for  a torque  converter. 

2.  Power  = 5966  kw  (8000  hp). 

3.  Speed  =8.3  r/s  (500  rpm). 

4.  Collector  dia.  = 0.864  m (34  in). 

5.  Current  = 250,000  A. 

6.  Collector  radial  flux  = 0.05  T. 

7.  Collector  axial  flux  = 0.1  T. 

8.  Number  of  collectors  = 8. 

Number  of  turns  = 2. 


9. 
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3 Sn  r°"le  °r  311  of  the  radially  mounted  collectors,  the 
MHD  force  is  always  in  the  direction  of  rotation  which 
tends  to  encourage  leakage.  The  axially  mounted  collector 
can  be  applied  such  that  the  MHD  force  is  either  with  or 
against  the  direction  of  rotation. 


Typical  current  collectors  are  illustrated  schematically  in  Fiqure  4253 

'"/’l  TIT"1  (I)  ,s  the  usefu'  load  current  being  transmitted 

°dt,°fTh  ot?r  a?d  the  ma9"6t'c  field  (B)  is  a stray  field  from  the 
excitation  coil.  For  the  axially  mounted  collector  the  MHD  force  due  to 
the  interaction  of  the  load  current  and  the  magnetic  field  can  be  directed 

V^L'a  ?;rdi^Cti°n  (F1gUre  4-2-5-3a)  opposite  direction 
(Figure  4.2.5.3b)  to  the  rotor  viscous  drag  force.  These  forces  act  on 

the  liquid  metal  which  is  contained  between  the  hybrid  pad  and  the  rotor. 

,he  direction  of  the  MHD  force  for  the  radially  mounted  collector  can 
likewise  be  in  either  direction  as  shown  in  Figure  4.2.5.3c  and  4.2.5.3d 
A similar  analysis  can  be  made  regarding  the  load  current  loop  ejection 
orce  direction  for  both  axial  and  radial  pad  placements.  Because  of 
construction  and  assembly  complications,  the  design  depicted  by  Fiqure 
4.Z.5.3C  is  not  considered  to  be  practically  feasible 


Figure  4.2. 5.4  is  a schematic  of  the  homopolar  motor  which  is  beinq  used 
as  a typical  application  for  the  hybrid  collector.  The  collectors  are 
attributed  in  four  regions  of  the  motor  with  the  current  and  flux 
irections  defined  for  each  region.  For  convenience,  the  current 
collectors  are  assumed  to  be  placed  on  the  rings  such  that  the  MHD  force 
opposes  the  viscous  drag  force.  Such  force  opposition  will  likely  aia 
in  confining  the  liquid  metal,  but  this  must  be  proven.  With  axial  pad 
placement,  as  assumed,  the  load  current  loop  ejection  force  is  always 
directed  radially  outward.  Figure  4. 2. 5. 5 depicts  the  four  machine 
collector  regions,  each  complete  with  directions  of  the  load  current, 
ambient  magnetic  field,  and  associated  pressure  forces  acting  on  the 
liquid  metal.  Power  loss  and  confinement  pressure  relationships  based 
on  the  forces  displayed  in  Figure  4.2. 5. 5 are  derived  in  the  following 
section  on  theory. 
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(c)  Radial  Collector 


Fig.  4. 2. 5. 3:  Axial  and  radial  current  collector  schematic 
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All  pressures  ore  acting  on  the  liquid  metal  that 

is  continei!  between  the  hybrid  pad  and  the  rotor. 

APy  = Viscous  drag  pressure  due  to  fluid  shear 

APm  = tlectro  magnetic  pressure  due  to  the  load 
current  crossed  into  the  radial  magnetic  held 

AP  = load  current  loop  pressure  due  to  the  current 
loop  made  by  the  rotor  and  stator  bars 

APf  = Centrifugal  pressure 

AP[  = Eddy  current  ejection  pressure  due  to  the  eddy 
current  loop  self-induced  field 

APp  = Pinch  confinement  pressure  due  to  the  had 
current  crossed  into  the  load  current  induced 
azimuthal  magnetic  held 

I - load  current 

Be  - Ana  magnetic  field 

Br  = Radial  magnetic  field 


Fig.  4.2. 5. 5:  Schematic  of  collector  regions  for  the  homopolar  motor 
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4.2. 5.1  Theory  of  the  Hybrid  Collector 


4. 2. 5. 1.1  Hydrostatics  and  Liquid  Metal  Flow 


Consider  the  hydrostatically  positioned  pad  in  Figure  4. 2. 5. 6.  The  liquid 
metal  flows  axially  toward  the  rotor  through  the  center  of  the  pad  andq 
then,  when  it  reaches  the  rotor,  radially  outward  over  the  pad  face  The 
liquid  metal  is  then  collected  in  the  pad's  circumferential  annulus,  and 
drained  to  a sump.  The  buffer  gas  flows  radially  inward  over  an  outer 
circumferential  containment  labyrinth  and  is  collected  in  the  circumfer- 
ential annulus  with  the  liquid  metal.  The  buffer  gas  is  then  drained  to 
the  sump  with  the  liquid  metal. 


Assume: 

1)  Lift  due  to  containment  labyrinth  is  negligible,  i.e. 
p3  <<:  PT 

2)  P2  is  approximately  equal  to  atmospheric  pressure  and  can 
be  assumed  equal  to  zero  when  all  other  pressures  are 
gage  pressures. 

3)  Pad  face  liquid  metal  flow  velocity  is  greater  than  the 
rotor  collector  velocity. 

4)  The  hybrid  pad  cross  section  is  circular. 

The  lift  force  due  to  the  pressure  profile  over  the  pad  face  is:6 


where: 


F = — 1 ..L  n 
L K ’ 


(4. 2. 5J) 


P1  = pocket  pressure,  N/m2. 

A[_  = projected  land  area.  For  the  case  of  the  circular  pad 
displayed  in  Figures  4. 2. 5. 6 and  4. 2. 5.7, 

Al  = tt(D2)2/4,  m2. 

Kp  = pressure  factor.  The  pressure  factor  is  a function 
of  geometry,  and  for  the  circular  pad 
2 £n  (D2/D-| ) 

K = , dimensionless . 

p i - (d1/o2)2 
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Dw(j . 635'*^;jrj 


Fig.  4. 2. 5. 6:  Hydrostatically  positioned  pad 
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An  outer  stem  force  opposes  the  lift  force, 
given  by  the  following  expression. 


The  outer  stem  force  is 


Fo  ' P„V  N 


(4. 2. 5. 2) 


where: 


PQ  ~ liquid  metal  supply  pressure,  N/m2. 
Aq  - pad  stem  area.  For  the  circular  pad 

Ao  = ^(Dq)2/4,  m2. 

Summation  of  the  axial  directed  forces  yields 

P-i  A. 

Fr  + P A = -Lk 


oo  K 


(4. 2. 5. 3) 


where: 


FE  = remaining  extraneous  pad  forces  parallel  to  the  pad 
center  1 i ne,  N . 


th*  r °f  llquid  ineta1  throu9h  the  hydrostatic  pad  is  a function  of 
methods ^nf  ^ ‘;0,l,Pe^dtlon  and  the  pad  face  geometry.  The  most  common 
methods  of  compensation  are  orifice,  capillary  and  flow  control  value. 

mnsiHprpHeSeTh  dl^us^10n’  the  o^i^ice  method  of  compensation  is 
in  ref  7d’  ^ effects  of  other  methods  of  compensation  can  be  found 


The  flow  through  the  orifice  is 


where: 


P -P 

Q0  “ 0-661  dp  (-2—1)  , ,n3/s 


p = mass  density  of  liquid  metal,  kg/m' 


(4.2. 5.4) 


d-|  = orifice  diameter,  m. 
The  flow  over  the  pad  land  is® 


qf 

QL  = ITT 


1 3/ 
— » m /s 


(4. 2. 5. 5) 


where: 
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qf  - flow  factor.  The  flow  factor  is  a function  of 
geometry  and  for  the  circular  pad 

„ 4tt  , . . 

q - dimensionless. 

i - (d/d 2r 

c = clearance,  m. 

Mg  = absolute  viscosity,  . 

nr 


Setting  Qg  = QL,  equations  4. 2. 5. 4 and  4.2. 5.5, solving  for  Pi,  and 
substituting  this  expression  for  P]  in  equation  4. 2. 5. 3 yields  the 
following  expression  for  clearance  as 


then 


c = 


63 


2 a 

JL  d1  AL 


a function  of  supply  pressure. 

*il/ 6 


<■? 


(A2  P2 
o o 


2A  P F. 
o o E 


rE> 


(PoAl 


- LAP  - 
poo 


Ve 


in, 


(4. 2. 5. 5) 


Solving  equations  4. 2. 5.4  and  4. 2.5. 5 for  P-, , equating  them  to  each  other 
to  eliminate  Pi , and  making  Qo  - Q|_  - q,  yields  the  following  expression 
tor  tlow  as  a function  of  supply  pressure  and  clearance. 


Q 


2.625  NpMd-j 


P 


where: 


6.35x10* 2 ,P 


rfpi 

C3qf 


2-, 


1/2 


Np  - number  of  pads  per  collector. 

M = number  of  collectors  per  machine. 


nr/s/machine  (4. 2. 5. 7) 


Thus,  for  a given  geometry,  fluid  physical  properties,  and  extraneous 
torce,  the  clearance  and  flow  can  be  found  for  various  supply  pressures. 

The  buffer  gas  flow  equation  is  derived  from  the  relationships  presented 
in  reference  8.  Since  the  lift  effect  due  to  the  buffer  gas  is  small 
relative  to  the  liquid  inetal  lift,  the  clearance  is  determined  by  the 
liquid  metal  hydrostatic  relationship  in  equation  4. 2. 5. 6.  For  gas 
pressure  drops  across  the  confinement  labyrinth  of  6895  to  68,950  N/m2 
( to  10  ps i ) , the  buffer  flow  can  be  approximated  by  the  expression: 
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where: 


% 

ap 

C 

L 


( aP  ) 1 7 2 + 3. 


63 


1.086 


NpMcL,  m /sec 


(4. 2. 5. 8) 


differential  gas  pressure  across  labyrinth,  N/m2. 

clearance  calculated  by  equation  4. 2. 5. 6,  m. 

length  of  labyrinth  tooth  perpendicular  to  the  flow 
per  pad,  (uD4),  m. 


4. 2. 5. 1.2  Power  Losses 

The  power  losses  associated  with  the  hybrid  collector  are: 

P = Ohmic 

u 

Py  = Viscous  on  pad  face 

Pq  = MHD  and  viscous  core  loss 

P£  = Eddy  current  loss 

Pp  = Pumping  power  for  hydrostatic  fluid 

PB  = Pumping  power  for  buffer  gas 

Ohmic  Loss 

Pn  = *p  R M Np’  watts/machine  (4. 2. 5. 9) 

where: 

Ip  = load  current  per  pad,  amps. 

R = pad  resistance  including  contact  potential 
resistance,  ohms. 

Viscous  Loss  on  Pad  Face 

Assume:  1)  6 <<  1 , where  6 is  a dimensionless  ratio  of  the  Lorentz  body 

force  to  the  viscous  drag  force.9 
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2)  Mow  regime  is  turbulent.9 

3)  Viscous  loss  due  to  buffer  gas  is  negligible. 

P f L ( V ) 3 Al 

PV  8 Np  watts/machine  (4.2.5.10) 

where: 

f|_  ~ fiction  factor  based  on  pad-to-rotor  clearance 
dimensionless. 

V = collector  rotor  tangential  velocity,  m/s. 

Al  = pad  projected  area,  m2. 


Core  Viscous  and  MUD  Loss 


The  core  MHD  loss  is  based  on  an  induced 
in  the  presence  of  a magnetic  field. 


current  due  to  the  fluid 


veloci ty 


where: 


(ir/4)  M N 


watts/machi ne 


fc  friction  factor  based  on  core  diameter. 
vc  ~ fluid  velocity  through  core,  m/s. 
d^  core  diameter,  m. 

= core  length,  m. 

oL  = electrical  conductivity  of  liquid  metal,  mhos/m. 
Br  = radial  component  of  collector  magnetic  field,  T. 


(4.2.5.11) 


Eddy  Current  Loss10 
Assume:  1)  No  load  current. 

0 No  transverse  current,  i.e.,  no  circulating  current  within 
the  liquid  metal . 
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P 


E 


9 9? 

oV  B 

3 

12  c' 


watts/machine 


(4.2.5.12) 


where: 

Ap  = current  transfer  area  per  pad,  m2. 

Ba  = axial  component  of  collector  magnetic  field,  T. 

W = collector  width  normal  to  B , m. 
c1  = effective  clearance,  m. 

c'  = (c  + a + h 2 ) , m. 

r.i  = specific  contact  potential  for  each  contact 
' pair,  Vm2/A . 

h2  = current  transfer  pocket  depth,  m. 


Hydrostatic  Fluid  Pumping  Power 
Q P 

* o 

Pp  - — — , watts/machine 


-here: 


nL  = liquid  metal  pump  efficiency,  %/l 00 . 


(4.2.5.13) 


Buffer  Gas  Pumping  Power 
yQbR(T+273) 


where: 

y ~ mass  density  of  buffer  gas  at  drain,  kg/m^. 

R = gas  constant  of  buffer  gas,  — 

T = buffer  gas  temperature  at  pad  drain,  °C. 


k-1 


k-1 


(r  ) 
P 


- 1 


9 

m 


watts/machi ne . 


(4.2.5.14) 
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nB  - buffer  gas  pump  adiabatic  efficiency,  %/l00. 

k = Specific  heat  ratio  of  cover  gas,  dimensionless. 

r = ratio  of  buffer  gas  supply  pressure  to  drain 
pressure,  absolute  pressures. 

The  total  collector  loss  is  found  by: 

ptot  = pu  + PV  + PC  + PE  + PP  + P B ’ watts/machine  (4.2.5.15) 


/he  relative  loss  is  found  by  calculating  the  percent  of  machine  power 
attributed  to  the  total  collector  loss.  The  percent  collector  loss  is 
found  by  the  relationship: 


LOSS  = 


tot 


]Mer)  X 100’  % 


(4.2.5.16) 


where:  POWER  = total  machine  power,  watts. 


4. 2. 5. 1.3  Expulsion  Pressures 

Pressures  are  developed  in  the  liquid  metal  due  to  the  MHD  body  forces. 
These  MHD  pressures  are  considered  in  order  to  determine  if  they  are 
significantly  large  with  respect  to  the  hydrostatic  control  pressures. 
Figure  4.2. 5. 5 shows  the  direction  of  selected  forces  which  upon 
integration  yield  eddy  current  ejection  pressure,  load  current  ejection 
pressure,  pinch  pressure  and  the  pad  face  MHD  pressure.  The  MHD  pressure 
drop  in  the  core  is  not  shown  on  this  figure,  but  it  always  works  to 
retard  the  liquid  metal  flow. 


Eddy  Current  Ejection  Pressure 


As  reported  in  previous  Semi-Annual  Technical  Report, 

~|2 


APr 


Mil 

32 


u,  R B (o 
Lea 


W4,  N/m2, 


(4.2.5.17) 


4-87 


r 


where: 


n = permeability  of  free  space  ( 10-7,  mks  units) 
w = angular  velocity,  rad/s 
Rc  = average  collector  radius,  m 


Load  Current  Ejection  Pressure 


aPl  = (2n-l  )mttJ2R2 


where: 


(R2/R1 ) 2-2£n(R2/R1 ) 


-1 


, N/m' 


n = number  of  series  load  circuits 
J = collector  average  current  density,  A/m' 
R1  = inner  radius  of  current  collector,  m 
R2  = outer  radius  of  current  collector,  m 
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(4.2.5.18) 


Pad  Pinch  Pressure 


APp  = u 1 Ip.  N/m2 


(4.2.5.19) 


Pad  Face  MHD  Pressure 


APm  = J 8r  Lcs  N/n,Z 


where:  Lc  = length  of  current  transfer  area  in  direction  of 

rotor  circumference,  m. 


(4.2.5.20) 


Core  MHD  and  Viscous  Pressure 

velocity  W d“  *» 


APc  = “lWS  + tofcVc  <!r>-  N/l"2 


(4.2.5.21) 
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4. 2. 5. 2 Discussion  of  the  Hybrid  Collector 

A computer  program  was  developed  to  evaluate  different  pad  configurations 
The  program  calculates  pad  performance  based  on  the  relationships 

a eln  : en?  KV 5eCt1°"  ° " The  snowing  assumptions 

are  innerent  in  the  computer  program: 

The  Pad  lift  force  at  zero  liquid  metal  flow  equals  the  pad  drive 
orce  at  infinite  flow.  (That  is,  the  hydrostatic  force  developed  by 
the  pad  to  move  away  from  the  rotor  equals  the  hydrostatic  force 
developed  by  the  pad  to  move  toward  the  rotor.) 

The  minimum  allowable  supply  pressure  is  that  value  which,  when 
integrated  over  the  pad  stem  area,  provides  a force  equal  to  the 

S^DlvTnn^ni?'  ^ ^ r°t0r  m°^S  ^ ^ the  Pad’  the  nn'nimum 
supply  (control)  pressure  corresponds  to  the  minimum  pressure 

required  to  force  the  pad  to  follow  the  rotor. 

The  electrical  load  current  is  transferred  between  the  rotor  and  pad 

tSro  ah  Jh^'V?6  ^ente^.P°cket  Portion  of  the  pad,  with  no  transfer 
through  the  pad  land  portion. 

4‘  the  rirlmfrren^?  transferred  between  the  pad  and  stator  through 
the  circumferential  area  of  the  pad  stem. 

The  hydrostatic  flow  velocity  at  any  point  on  the  hydrostatic  land 
velocity eqUa  °r  9redter  th3n  the  mean  collector  rotor  tangential 


3. 


5. 


6'  metal  ??d  t5e  buffer  gas  are  constrained  by  seals  such 

that  no  flow  is  allowed  to  bypass  the  pad.  For  convenience  the 
bypass  seals  are  assumed  to  be  sliding  0-rings. 

Tatle  4.2. 5.3  contains  general  information  required  to  calculate  the 

theIerrP^CUCharaCt-rStiCS  °f  5 hybrid  P3d  desi9n  collector  and,  with 
these  results,  permits  assessment  of  how  well  it  meets  the  restrictions 

r"  TaM^^I^N^a!  th6'  J"  TableS  4-2:5J  and  4-2-5'2-  The  values  ?hown 
" lnbf]  4-2-g-3«  although  reuresentati ve,  are  not  intended  to  be  taken 

discussion  Va  UeS’  but  are  mere1^  to  Provide  a reference  frame  for 


Based  on  a total  flow  of  0.0314  m3/s  (500  gpm),  see  Table  4.2  5 3 the 
liquid  metal  flow  per  collector  pad  is  5.6  x 10-5  m3/s  (0.89  gPm)!  This 
flow  appears  to  be  excessive  and  should  be  reduced  if  possible  For  the 

pocket^d^ameter  by  thp  pad  orifice  and/or 

Jclocftv  bS  hhp  ?ir'  /hls*' however,  will  reduce  the  hydrostatic  flow 

that  JhP  e-t0-  rotor  tan9ential  velocity.  The  result  is 

that  the  pad  lift  force  is  impaired.  In  this  situation,  the  fluid  film 
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General  Collector  Data 

~ Value 

1)  Number  of  pads 

r « 90  (N) 

, U er  9as  f'0w  -Cine  .294  m3/sec  (624  ft2/min)  (Q  ) 

per  machine  .0314m3/sec  (500  gal/mi„)  r 
4)  Buffer  gas  pump  efficiency 

50%  K; 

) Liquid  metal  pump  efficiency 

6)  Extraneous  force  % 

. 39J4N  (8.8  1b)  (FF) 

n Pad  spring  constant  with  ? oo  v in6  w/  /1r 

respect  to  rotor  ^ - 92  x 10  N/m  (16700  Ib/in.)  («_) 

O 

8)  Hydrostatic  fluid  _ Eutectic  NaK  78 

^ '',5C°S,ty  540  Ns/m2  (.783  x 10-7  lb-sec/in2)  („  ) 

b)  Ma<;<;  Hanclfu  L 


50%  (r^) 

30%  (r^) 

39.14  N (8.8  lb)  (Fe) 

2.92  x l0b  N/m  (16700  Ib/in.)  («  ) 

s 


t>)  Mass  density 

c)  Electrical  conductivity 

d)  Specific  contact  potential 

9)  Pad  material  — Copper 

a)  Electrical  conductivity 

10)  Buffer  gas  - Nitrogen 

11)  Liquid  metal  supply  pressure 

12)  Liquid  metal  pocket  pressure 

13)  Buffer  gas  supply  pressure 

14)  Liquid  metal  and  buffer  gas 
combined  drain  pressure 

15)  Collector  temperature 


858  kg/rn3  (.031  Ib/in3)  (p) 
.22  x 107  mhos/m  (c^) 
.18  x 10'8  Vm2/A  (cj 


.448  x 108  mhos/m 


345000  N/m2  gage  (50  psig)  (p  ) 
172000  N/m2  gage  (25  psig)  (p  ) 
13800  N/m2  gage  (2  psig)  (p  ) 
0.0  N/m2  (P2) 

94 °C  (200°F)  (T) 
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General  Collector  Data 

Value 

16) 

Minimum  allowable  hydrostatic 
control  pressure 

245000  N/m3  gage  (35.5  psig) 

17) 

Flow  factor 

87.04 

(<if) 

18) 

Pressure  factor 

1 .08 

<y 

Collector  Geometry  (Refer  to  Fig.  4. 2. 5. 7) 


Rc  = .442  m (17.4  in) 

6 

= 2.03  x 10"5  m 

(.0008  in) 

DQ  = .0143  m (.562  in) 

S2 

= 2.03  x 10" 3 m 

(.0008  in) 

D]  = .0194  m (.763  in) 

H1 

= 3.05  x 10  3 m 

(.12  in) 

D2  = .0210  m (.825  in) 

H2 

= .0102  m ( .40 

in) 

D3  = .0290  m (1.14  in) 

H3 

= .0297  m (1.17 

in) 

D4  = .0305  m (1 .20  in) 

H4 

= .0282  m (1.11 

in) 

d-j  = 2.16  x 10"3  m (.085  in) 

H7 

= .0130  m ( .51 

in) 

d2  = 4.06  x 10  3 m 0 12  holes  (.16  in) 

hl 

= 3.94  x 10"3  m 

( .155  in) 

d3  = 6.10  x 10“3  m (.24  in) 

h2 

= 1 .52  x 10"4  m 

(.006  in) 

d4  = .0140  m (.55  in) 

C 

= 2.72  x 10~3  m 

@ Fr  = 0 

(.00107  in) 

t 
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on  the  pad  land  cannot  cover  the  full  hydrostatic  area  because  it  is 
drawn  away  too  fast  by  the  rotor. H -12  In  regard  t0  the  samDlp  utinq 

conditions  presented  here,  the  pad  land  hydrostatic  rlow  velocity 

is  equal  to  the  mean  collector  rotor  velocity.  velocity 

A method  for  reducing  the  flow  with  only  partial  impairment  of  the  lift 
force  is  to  utilize  pad  geometries  other  than  the  circular  cross  section  7 
uure  effort  should  be  directed  to  find  low-flow  geometric  configurations 
which  impose  minimal  hydrostatic  life  impairment. 

The  extraneous  force  (FE)  listed  in  Table  4. 2. 5. 3 is  equal  to  39.1  N 

hvdr Kt  Hr  Thlt  f?rce  should  be  reduced  so  that  a lower  minimum  allowable 
hydrostatic  control  pressure  can  be  used.  The  major  portion  of  the 

extraneous  force  is  attributed  to  0-ring  friction.  The  0-rings  could  be 

friJ^nn  byrc?ntro  1 lea,a9e  seals  which  would  offer  essentially  zero 
friction,  future  effort  this  area  would  be  placed  on  finding  the 
optimum  bypass  seal  with  respect  to  leakage  and  friction. 

The  pad  spring  constant,  see  Table  4. 2. 5. 3,  is  a measure  of  stiffness 
with  respect  to  the  rotor.  It  is  numerically  equal  to  the  change  in 
extraneous  force  (from  positive  to  negative)  divided  by  the  corresponding 

fa"  tan?,?ld'r0t0r  c,earrce-  The  spn'"9  con'ta"t  ^useful  When  making 
response  analysis  of  the  rotor-pad-stator  system.  Future 
effort  would  determine  the  mechanical  response  of  the  pad  with  respect  to 
the  rot°r  and  derive  the  current  collector  design  relationships  with 
respect  to  resonance. 

Th®,P°fp  !°f  asa09’atad  "ith  hybrid  current  collector  is  given  in 

areater’thanbiT  ’ °f  the.total  "“chine  output  power.  This  is  0.4* 
greater  than  the  design  requirements  (see  Table  4. 2.5.1,  item  6)  The 

major  component  of  the  collector  loss  is  the  ohmic  loss,  which  is  caused 

nnrphf  .s?]  1 ^T1 1 ^ i d-so  1 1 d interface  contact  resistances  and  the  pad 
pocket  liquid  metal  bulk  resistance. 


.2.5.4 


TABLE  4 

SUMMARY  OF  CURRENT  COLLECTOR  COMPONENT  POWER  LOSSES 


1) 

2) 

3) 

4) 

5) 
6 


7 

8) 


Component 


Ohmic  loss,  Pq 

Eddy  current  loss,  PE 

Core  loss,  PE 

Viscous  loss,  Py 

Liquid  metal  pump  loss,  Pp 

Buffer  gas  pump  loss,  PB 

Total  collector  loss,  PEot 

Percent  of  total  machine 
power 


kW 


Power  Loss 


69.5 
22.9 
0.9 
6.6 
36.3 
_ 5yj4 

141.6 


49 

16 

1 

5 

25 

4 

100 

2.4%  (LOSS) 
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One  method  considered  for  reducing  the  ohmic  power  loss  is  to  reduce  the 
current  per  pad  by  adding  more  pads.  However,  the  present  90  pads 
emp  oyed  per  collector  is  the  maximum  that  can  be  accommodated.  Another 
possible  method  for  reducing  the  ohmic  loss  is  to  increase  the  pad  face 
area  (i.e.,  effectively  reducing  the  contact  resistance).  This  event, 
however,  also  reduces  the  hydrostatic  flow  resistance  which,  in 
results  in  an  undesirable  increase  in  fluid  flow.  By  employing 
circular  cross  section  pads,  where  lower  flow  velocities  may  be 
greater  current  transfer  areas  may  be  achieved. 


turn, 
non- 

feasible, 


Counter  to  the  original  design  philosophy,  a reduction  in  contact  resist- 
ance may  also  be  obtained  by  permitting  the  load  current  to  be  transferred 
between  rotor  and  pad  through  the  pad  land  area  in  addition  to  the  pad 
pocket.  Initially,  current  transfer  was  allowed  only  through  the  pocket 
area  in  order  to  avoid  excessive  eddy  current  power  loss  and  ejection 
pressure.  Although  the  eddy  current  induced  loss  will  be  increased  as  a 
result  of  the  above  suggested  changes,  it  will  likely  be  offset  by 
reduced  load  current  ohmic  and  liquid  metal  pumping  power  losses.  Future 
ettort  should  be  placed  on  determining  the  optimum  current  transfer 
geometry  with  respect  to  losses. 

Calculated  MHD  pressures  for  the  sample  pad  collector  desiqn  are  sum- 
marized in  Table  4. 2.5. 5.  The  liquid  metal-load  current  ejection  pressure 

wit'SHhP  hZt  15  °f,Vi9nifl'cant  magnitude,  6 x 1()4  N/m2,  when  compared 
with  the  higher  pocket  pressure,  17  x 10*  N/m?  (see  Table  4. 2. 5. 3,  item 

It  T he  Pressure  profile  through  the  liquid  metal  due  to  load  current- 
• effects  1S  not_known  at  this  time,  since  pressure  calculations 

using  the  derived  expression  only  yield  maximum  values  at  one  end  of  the 
collector.  Future  work  is  suggested  to  ascertain  the  disturbing  effects 
of  load  current  on  liquid  metal  confinement,  if  any,  through  laboratory 
experimentation.  ' 

The  pad  face  MHD  pressure  does  not  appear  to  be  excessively  large  for  the 
present  hybrid  pad  collector  design.  If  the  pad  geometry  is  changed  from 
the  circular  shape,  however,  elongating  the  area  of  current  transfer 
circumferentially  would  cause  an  increase  in  the  pad  face  MHD  pressure. 

TABLE  4. 2. 5. 5 

SUMMARY  OF  CALCULATED  CURRENT  COLLECTOR  MHD  PRESSURES 


Source  of  Pressure 


1)  Eddy  current  ejection  pressure,  aP[- 

2)  Load  current  loop  ejection  pressure,  aPi 

3)  Pinch  pressure,  APp  L 

4)  Pad  face  MHD  pressure,  APm 

5)  Core  MHD  and  viscous  pressure,  AP q 


.Pressure 

( 1 bf/j nL) 


2100  (0.30) 

60200  (8.7) 

2580  (0.37) 

5020  (1.3) 

380  (0.06) 
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At  present  no  quantitative  method  has  been  developed  to  eval.iatp  thn 

SraSiSwS- 

'•  abnuyti0n  the  ,iqUid  'I,etal  su«”*  f,ow  improve  confinement 

2’  ^‘Se^lSh  location!  ^ l°  redUCe  °f 

3.  Certain  MHD  pressures  may  be  utilized  to  aid  confinement  In  nthpr 
cases,  through  design,  the  MHO  expelling  pressures  can  be  reduced 

wn, 

collector3  f0r  fUtUre  "°rk  «"  the  ^-lo^e./of  Vc^eSr’"’ 


Because  of  potential  mechanical  force  couple 
hybrid  pad  is  undesirably  susceptible  to  til 
couple  compensation  can  be  achieved  by  emplo' 
tions./  This  technique  must  be  theoretical V 
i n more  detail . 


the  circular  geometry 
ng.  It  appears  that  force 
nq  parallel  flow  restric- 
and  experimentally  studied 


4-94 


cn 


4.3  REFERENCES 


E.M.  4705 


2. 

3. 


Warring  R.  H.,  Seals  and  Packings,  Trade  and  Technical  Press  Ltd 
Morden,  Surrey,  England,  1967.  ress  LId-> 

Chicago  Rawhide  Catalog  No.  457013,  Large  Diameter  Oil  Seals. 
Johr^Wiley  and 

4'  McGraw-Hill  ^New^York!  1949."  »«l  LutrlatJsiLoOadna.. 

5'  197“:-  G'  T'  H“ert'  '**"*'»*«  Research 

6'  ^Hydrostatic  S^'.cIL  r"  Det0,™"ati°"  of  Optimum  Proportions 
ror  Hydrostatic  Pads,  ASLE  Trans.,  Vol.  1,  No.  2,  p.  241,  1958. 

7.  Malanoski , S.  B.  and  Loeb,  A.  M.,  The  Effect  of  the  Method  of 
Compensation  on  Hydrostatic  Bearing  Stiffness,  Journal  of  Basic 
Engineering,  Trans.  ASME,  Series  dI  Vol . 83,  No  2 p °79  June  1961. 

8'  NonfSP-57-5;  IMS396  °f  Steam  tt,r0U9h  Lab>"'1nth  Seals,  ASHE  Paper 

9'  f!liiprjZer,rR'  t”  ?evel°Pment  Of  Solid  and/or  Liquid  Metal 

eS,^?rs  ^or  Acyclic  Machines,  Final  Report  for  Tasks  1 ? and  i 

Navy  Ship  Systems  Command,  Contract  No.  N00024-60-C-5414 , ’February *27, 


10. 

11. 


Hummer t,  G. 
Collectors, 


T..  Calculation  of  Eddy  Losses  in  Liquid  Metal  Current 
Westinghouse  Memo  73-8G1 -UQMT-M1 , November  20,  1973. 


Boyd,  J.,  Raimondi,  A.  A.,  and  Kaufman,  H.  N., 
Analysis,  Westinghouse  Research  Laboratories, 
Pittsburgh,  Pennsylvania  15235,  1966. 


A Manual  on  Bea rin a 
1310  Beulah  Road, 


12. 


Boyd,  J.,  Kaufman,  H.  N.,  and  Raimondi,  A.  A., 

A^Si?7’ci^oJCa1:ion  En0ioeering,  Vol.  21,  1965 
do-  II  / - I /R3) . 


Basic  Hydrostatic  Pad 
(Westinghouse  Report 


4-95 


SECTION  5 

LIQUID  METAL  SUPPORT  SYSTEMS 


E.M.  4705 


5.0  OBJECTIVES 

°b^^t|ves  °f .thl's  Jask  are:  T)  to  investigate  the  compatibility 
nntpn?  materials  with  NaK  and  Gain  as  well  as  with 

decontanr!natlon  solutions;  2)  to  perform  literature,  analyti- 
s ’ a"d  ^periJentJ1  .studies  to  identify  suitable  materials  and 

anH9tP^dih!r?ate-Sh0^ei  ?here  n®cessarv;  3)  to  design,  fabricate, 
and  test  the  liquid  metal  loop  and  cover  gas  systems  that  will  be 

n™ptd  H1  t*e.SEGMAG  generator;  and  4)  to  establish  the  operating 
parameters  and  interactive  responses  of  these  systems.  M 9 

During  Phase  I,  the  objectives  were  to  identify  the  materials 

machinpmewithand  pr°Slems  for  the  segmented  magnet  homopolar 

machine,  with  particular  emphasis  to  the  long  term  compatibility  problems 

betwee.  the  selected  liquid  metal  and  the  electrical  conductors  insu 
lation  and  structural  materials  in  the  system. 

SFrMflrSm;Jh • the  objectives  were:  1)  to  identify  experimentally  the 

SEGMAG  machine  materials  that  are  compatible  with  ok;  2)  to  provide 

simulating  1 t0  6ValUate  Candidate  cl™t  collectors  under 

r i mrfohrnthPen^rrrennt;  3).to  ^°vi'de  metai  and  cover 

L + f SEGMAG  demonstration  machine;  and,  4)  to  provide 

test  facilities  for  the  SEGMAG  and  GEC  machines. 

uUl"Ldhinet^I^™4raiIXlIiary  e<'u1Prae"t  developed  under  Phase  II  was 

further  developed  and  sf mpli fled^Sup^rt^Ll'Sere  co^deST*5 

uariIhit0rqUejCOnverter  and  motor  applications  where  reversible  and 

w resort6 t Lrrh?nC0Untered-  GaI"  studies ^ere'pursued 

wi  in  respect  to  machine  requirements.  ^ 


5.1  PRIOR  AND  RELATED  WORK 

fUnrSesrrihL"?*  U"der  th-'S  taSk  is  below  and  is  more 

fully  described  in  our  previous  reports  under  this  contract. 

a 1 terna te°choIce  ^ 1iqU<d  '"etal ' with  GaI"  a=  the 

selecUon'of  TZrZ]*  “",Patibni^  Program  was  conducted,  and  the 
to  withstand  s^S 

lC°r  °oi  “"****  "«1". 
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Prncedures  were  established  for  the  disassembly  and  decontamination 

Puri’fiCcatieonUlnnn/aK  ^a  Gd]n'A  Liquid  meta1  ^circulation  and 

? P WGre  designed’  fabricated,  tested,  and  employed  in 
p 3 AG  Performance  tests  to  maintain  NaK  in  the  current  collectors 

wp^h^  ' rCj  atlon’  Purification,  and  pressure  maintenance  systems 
wete  designed  and  constructed  for  SEGMAG  performance  tests  Ful/sralP 

priorttoethprrent  i0llect0rs  were  developed,  tested  and  characterized 
priot  to  their  employment  in  SEGMAG.  The  SEGMAG  test  bed  i nstrumentati nn 

cons  true ted tf or  t^  perJc rmance  read°ut  networks  were  developed  and 
constructed  for  the  machine  evaluation  tests. 

Srel?9en»has,e^TS^f  f the  l000, hp.  SEGMAG  demonstration  machine, 

Qinro  fh  WcS  plac?d  Upon  developing  the  machine  support  systems 

since  these  were  recognized  to  be  necessary  to  successful  lonq  term 
machine  operation.  An  integrated  design  abroach  was  employed  since 
many  components  were  to  be  in  contact  with  the  liquid  metal  all ov  (NalO 
and  also  with  the  protective  cover  gas,  nitrogen!"  insure  system  com 

inciS^g\henfon™ng-rS  a"d  SUbSyStem  inteiactions  ™re  evaluated, 


1 . 
2. 

3. 

4. 


Effect  of  liquid  metals  on  machine  materials. 

Contamination  of  liquid  metal  by  out-gassing  of  machine  materials 

thr^nhnaJi0n  !1quid  metal  impurities  in  the  cover  gas  or 
through  atmospheric  in-leakage.  y 

Interference  of  NaK  aerosols  and  oxides  on  current  collector 
performance. 


5.2  CURRENT  PROGRESS 

5.2.1  Machine  Materials  Selection 

NaK  is  an  alloy  of  sodium  and  potassium  and  is  prepared  by  mixinq  these 

o ti JSenatSnd1tnhllq?ld  f0nn-  P°taSSiu,n  and  sodlum are  misc?b!e  ?n  an 
portions,  and  the  alloy  in  concentrations  of  40  to  90  weiqht  percent 

potassium  is  liquid  at  room  temperature.  The  phase  diaqram  for  this 

system  is  g, yen  in  Fig  5.1.  Eutectic  NaK  is  characterized  by  Us 

ct^?:ty°i  7 9/Cm  “ 2°°C)'  Hgh  electrical  and  thermal  con- 
tn  !!  K,  nd  r Vapor  pressure-  It  also  reacts  rapidly  with  oxyqen 
th  hvH  a^H  pre^ere']^ a^y » and  with  water  or  water  vapor  to  form 

D?otectedXbvenS  °f.S0dlum  and  Potassium.  Thus,  NaK  systems  must  be 
protected  by  inert  cover  gas  systems. 

Saatih(inual,iKCOmPdtib,e  WTh  transition  metals,  but  may  show  incom- 
patibil  ty  with  organic  insulations  and  other  materials  because  of  its 

cheim cal  reactivity.!  Additionally,  material  incompatibilUy  may  result 

rom  materials  outgassing  and  contaminating  the  liquid  metal.  Outgassing 
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problems  may  arise  from  structural  , but  more  likely  from  organic 
insulation  and  materials.  Outgassing  may  be  due  to  either  (1) 
absorbed  gases  on  surfaces  and  in  pores,  or  (2)  reaction  products 
from  the  polymerized  organic  insulating  materials  or  solvents.  In 
addition,  local  machine  hot  spots  may  be  generated  during  machine 
operation  which  will  cause  thermal  decomposition  of  organic  materials. 

A literature  survey  has  indicated  that  most  work  dealing  with  liquid 
metals  has  involved  their  employment  at  elevated  temperatures  as  heat 

-In  ?PPl1Cati;ons  of  this  ^Pe»  the  liquid  metal  does 
not  contact  organic  electrical  insulation  materials.  A supplier's 

brochure  states  that  NaK  is  more  reactive  than  either  sodium  or 
potassium  at  low  temperatures,  and  that  in  reactions  with  organic  materials 
the  potassium  derivative  is  usually  formed  preferentially.  NaK  is 
particularly  reactive  with  organic  halides,  and  the  use  of  halogen- 
containing  polymers  (PTFE  or  PVC  for  instance)  for  insulation  applica- 
tions in  the  homopolar  machine  appears  to  be  precluded.3  NaK  reacts 
readily  with  all  reactive  hydrogens  such  as  those  in  carboxyl,  hydroxyl 
amine,  and  even  enolizable  carbonyls.  It  also  cleaves  ether  linkages 
Although  these  considerations  might  appear  to  eliminate  essentially  all 
polymer  systems  from  consideration  except  those  of  strictly  hydrocarbon 
nature,  other  i nformation*  which  tabulates  data  for  exposure  of  certain 
po  ymer  systems  to  NaK  indicates  that  the  lowered  reactivities  of  these 

i;olruIes  Tay  ?ermit  use  of  many  poly,ner  systems  in 

Pjeno1l^.]amnate,  for  example,  exposed  to  NaK  at 

fh!/  i ° f0r  336  hours  dld  not  aPPear  t0  be  damaged.5  It  is  evident 
that  all  polymer  systems  proposed  for  NaK  exposure  applications  must  be 
verified  experimentally.  The  literature  survey  did  not  reveal  any  infor- 
systemsre9ardin9  contaminatlon  of  NaK  by  outgassing  products  from  polymeric 

Candidate  insulating  materials  for  each  service  category  were  defined 

y generic  classification  rather  than  by  specific  composition,  and  are 
listed  in  Table  5.1 . 

The  desi gn. concept  for  the  Westinghouse  homopolar  machine  included 
an  insulation  hot  spot  temperature  of  about  403°K  (130°C)  Thp  usp 
of  Class  F (428°K,  155°C)  insulation  was  therefore  indicated  in  all 
service  categories  identified  above  except  for  the  collector  rinq 
w ere  Class  A ^378°K,  105°C)  •’nsulation  was  considered  adequate. 

Reaction  of  low  molecular  weight  organic  by-products  with  NaK  con- 
stitutes a major  problem  area.  Such  compounds  as  water,  carbon 
dioxide,  carbon  monoxide,  and  monomers  which  would  contaminate  the 
liquid  metal  can  be  given  off  by  the  insulation,  either  as  a result  of 
continuing  cure  during  the  operation  of  the  machine  or  as  a result  of 
thermal  pyrolysis. 

Periodic  cleaning  of  the  machine  is  expected  to  involve  exposure  of 
the  insulation  to  alcohol -water  mixtures,  and  this  necessarily  will 
result  in  some  absorption  of  both.  Exposure  of  insulation  to  any  sort 
of  humid  environment  while  the  machine  is  not  in  operation  must  also 
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TABLE  5.1:  TYPICAL  ELECTRICAL  MACHINE  INSULATING  SYSTFMS 


Servi ce^  Category 

1 . Conductor  i nsulation 

2.  Ground  wall 

3.  Outer  binder  tape 

4.  Banding  tape 

5.  Col  lector  ri ng 

6.  Sealing  compounds  and 
connection  seals 

7.  Coatings 


Candidate  Material s 

Kapton  tape;  glass-supported  acrylic  tape 

Epoxy  bonded  mica  tapes 

Epoxy,  acrylic  or  highly  modified  polyester 
tapes  backed  with  glass  and/or  orqanic 
fabri cs 

Epoxy  or  acrylic  pretreated  glass  tape 

Polypropylene,  polyethylene,  epoxy 
lami nated 

Mineral -filled  epoxies 

Ami  noformaldehyde  epoxies  or  phenolic 
alkyds 


result  in  some  water  absorption.  In  properly  outgassing  the  insulation 
prior  to  returning  the  machine  to  operation  would  result  in  exposure 
of  the  liquid  metal  to  both  compounds. 


Formation  of  an  aerosol  suspension  of  NaK  in  the  confinement  area 
during  operation  of  the  machine  is  believed  to  be  unavoidable.  In 
consequence,  deposition  of  discrete  droplets  or  possibly  films  of  NaK 
on  insulating  surfaces  is  expected  to  occur.  Since  cleaning  of  these 
surfaces  is  anticipated  not  oftener  than  once  every  six  months,  the 
insulation  must  remain  substantially  unaffected  by  this  environment. 


Plastics  and  elastomers  are  usually  considered  for  gasketing  materials 
at  low  temperatures  or  for  total  containment  of  NaK.  There  is  scarce, 
if  any,  room  temperature  data  as  to  the  compatibility  of  plastics  and’ 
^l*^01Tiers  in  However,  a number  of  tests  were  conducted  at 

394  K - 450  K (250°F  to  350°F).2  This  data  eliminates  some  of  the  low 
melting  plastics,  and  some  of  these  can  be  ruled  out  due  to  their 
chemical  composition.  It  is  known  that  room  temperature  NaK  will 
dissolve  Teflon;  tests  have  been  made  with  Vi  ton,  a fluori  nated 
material,  with  unsatisfactory  results. 


The  Liquid  Metals  Handbook5  discusses  the  compatibility  of  plastic.; 
with  alkali  metals  based  on  work  performed  at  NASA.  Tn  part  it  concludes 
that  from  the  standpoint  of  weight  loss  of  the  plastic  and  contamination 
of  the  metal,  the  materials  that  demonstrated  the  most  acceptable 
behavior  were  Hel -F3700  and  Buna-N  in  394°K  (250°F)  sodium  for  9 days 
and  neoprene  and  Buna-N  in  450°K  (350°F)  sodium  for  7 days.  Neoprene 
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dnd  Kel-T  are  halogenated,  end  therefore  it  is  recommended  that  these 
be  u.ed  with  alkali  metals  because  of  the  potential  of  an  explosion 
ha,ard  associ ated  wi th  their  use.  Polyethylene  hos  been  tested  at 
Mul"  temperature  in  NaK  for  3'2  years  with  no  visible  change. 2 

WUh  the  definition  of  candidate  homopolar  machine  materials  experi- 
nnn  nVenfeCatl°?  °f  NaK  compatibility  was  initiated  More  t^n 

than  rnlndL^  atlVeiNaK  e?P0Sure  t]me  has  been  attained  on  more 
mater c samples.  These  include:  (1)  rotor  banding 

materials,  2 rotor  bar  insulation,  3 laminate  composites  (4)  oottina 

niatPH"  S’  « Sil?stic  elastomers,  (6)  coatings  and  paints  (7)  seal  9 
aterials,  (8)  cooling  fluids,  (9)  braze  alloys,  and  (10)  structural 
metals.  The  eva  uation  of  candidate  materials  has  proceeded  through 
a defined  test  plan  which  has  been  so  designed  as  to  incorporate  the 
material  exposure  sequence  which  will  be  followed  during  actual  m^hine 
start  up  operation,  machine  decontamination,  and  requalification  of 
components  after  decontamination  and  subsequent  reassembly.  Proposed 
matenals  have  been  exposed  to  commercial  grade  NaK  in  test  canisters 
eated  l sothermal ly  in  a constant  temperature  oil  bath.  Figure  5 2 
w 65  th^]?Ve  b0X  facl‘mies  which  were  utilized  to  prepare 
with  Na"^  Candldate  mater1als  anc*  to  charge  them  into  test  canisters 

ln!p^UtibTiUy,StUdie!  Were  Performed  at  1 40°C  for  defined  time 
intervals.  ,his  temperature  was  selected  because  in  all  instances 
it  represented  the  most  severe  condition  that  any  one  machine  com- 
ponent was  expected  to  encounter  (machine  hot  spot  temperatures  were 
calculated  to  be  130°C  max).  Therefore,  it  was assumed Sat ^materials 

fnrC|hpU71VedrthlS  condUion  in  l^^id  NaK  would  be  prime  candidates 
plnn  l°n  n]achlne-  In  addition,  materials  were  evaluated 

at  NaK  exposure  intervals  of  100,  500,  and  1000  hours  by  defined 

fluid03  Wate!"  WdS  emPloyed  as  the  NaK  decontamination 

d,  The  antechamber  o,  the  sample  preparation  glove  box  served  as 
•inple  baking  chamber,  simulating  machine  pre-start  up  conditions  of 
roughing  pump  vacuum  at  100°C  for  a fixed  time  interval  of  24  hiS?s. 

Physical  testing  for  material  evaluation  included:  weight  chanqes 

dimensional  changes,  hardness,  electrical  resistivity,  flexural 

properties,  tensile  properties,  infrared  spectroscopy,  and  scanning 
electron  microscopy  (SEM).  canning 

lhoUIifv5’3  1!!“?1tr?tes  th(r  flow  sequence  of  selected  materials  during 
■ e NaK  c°mpatibi  li  ty  studies.  This  program  has  provided  quantitative 
information  on  the  compatibility  of  materials  with  eutectic  NaK. 

1 R^tor  Banding  Material.  An  epoxy  Novalac/glass  fiber  was  selected 
as  the  rotor  banding  material.  Since  this  material  was  expected  to 
serve  as  both  insulation  and  a NaK  barrier  to  the  rotor  bar  system 

eltahii^p|ln9Q°iSefdf ^ I9?’  n,was  imPortant  that  NaK  compatibility  be 
established.  Selected  material  specimens  were  exposed  to  NaK  and 
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Fig.  5.2:  Glove  box  facilities  utilized  for  the  preparation  and  handling 

of  materials  being  evaluated  for  NaK  compatibility 

material  compatibility  established  by  tensile  testing  and  scanning 
electron  microscope  (SEM)  examination.  Table  5.2  lists  the  tensile 
test  data  for  this  material. 

Since  the  ultimate  strength  remained  essentially  unchanged  after  more 
than  1000  hours  of  NaK  exposure,  as  compared  with  air  aged  specimens, 
and  no  material  degradation  had  occurred,  as  shown  by  SEM  examination, 
this  banding  material  was  selected  as  a prime  condi date  for  use  in  the 
demonstration  machine. 

2.  Electrical  and/or  Rotor  Bar  Insulation.  Electrical  insulation 
systems  were  evaluted  for  NaK  compatibili ty.  Since  no  reported 
literature  values  could  be  found  for  NaK  compatibility  of  materials  of 
this  type,  insulation  packages  were  defined  from  the  NaK  chemistry  of 
organic  systems.  Test  specimens  were  prepared  and  exposed  to  liquid 
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TABLE  5.2 

ROTOR  BANDING  MATERIAL  431-S-2  (EPOXY  NOVALAC  RESIN/GLASS 
FIBERS)  TENSILE  TEST  DATA 


Specimen  I.D. 

Specimen  No. 

Ultimate  Strength 
(ksi ) 

Archieves  - as  prepared 

1 

122.9 

2 

116.9 

Air  aged  ( 180°C) 
250  hours 

3 

150.1 

21 

157.8 

Air  aged  (180°C) 
998  hours 

5 

163.5 

17 

154.3 

NaK  Exposed  (140°C) 

7 

142.8 

99.5  hours 

9 

139.3 

NaK  Exposed  ( 140°C) 

8 

132.2 

507.5  hours 

10 

132.2 

NaK  Exposed  (140°C) 

11 

150.9 

1009.5  hours 

12 

149.2 
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FIG.  5-3-SIMPLIFIED  FLOW  CHART  OF  MATERIALS  COMPATIBILITY TFST  PLAN 


Fig.  5.3:  Simplified  flow  chart  of  materials  compatibility  test  plan 

surenipnts  1 f0'C'  Surface  a"d  TO,ume  resistivity  mea- 

surements  fot  these  insulation  systems  have  shown  that  these  selected 

ma  ten  a 1 s qualify  as  NaK  compatible,  see  Fig.  5.4.  Si  pee  these  sped- 

also  Sin!!  decontami  gated  prior  to  electrical  measurements?  ,h?y 
also  qualified  as  being  compatible  with  the  anticipated  machine  Y 
decontamination  scheme.  These  results  indicated  that  when  little  or  no 
information  is  available  for  ,1'K  compatibility,  basic  alkali  metal 

materials. C3n  Pr°Vlde  re1iab]e  guidelines  in  the  selection  of  candidate 


lie  Wa^pf^7^r-S ' Eair1y  ^ this  Study  snastl‘c  elastomers, 
use  1 hRF  7 WerG  selected  as  Probable  sealing  materials  for 

that  anLah  ?hes  T ma?hlne<  Compatibility  studies  have  shown 
hat  although  these  materials  are  compatible  with  NaK  at  room  temDera 

a result Vofethe9r^ai10n  °?CurS  at  e1evated  temperatures  (140°C).P  As 
incomDatible^  rh^hdyr:,  ^ elastomers  have  been  found  to  be 

marHn^n  ?•  ^ the . Na K envi  ronment  and  are  not  recommended  for 

machine  applications  in  which  NaK  exposure  may  occur. 


4 . Machi ne  Lami nates . 
been  evaluated  for  NaK 


A number  of  laminate  composite  materials  have 
compatibility.  In  addition  to  noting  weight 
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Fig.  5.4:  Surface  and  volume  resistivity  values  obtained 

and  NaK  exposed  electrical  insulation  systems. 
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thocnlnJenS10nal  dhangeS\  flexural  properties  were  also  determined.  From 
i LUrr  6ndS  W6re  estab1ished  for  the  ultimate  stress  and 

'°dulu;  °f,the^  matenals  as  a result  of  NaK  exposure.  Figures 
,plfj  V'6  changes  in  maximum  stress  and  elastic  modulus  of 

KO«Cted  C ndldate  laminate  materials  as  a result  of  NaK  exposure  at 

Bri_ze„AlloyA-  It  has  been  known  for  some  time  that  nicrobraze 
alloys  are  compatible  with  NaK.  On  the  other  hand,  soft  solders  of 
n/lea..  composition  are  incompatible  even  for  very  short  periods  of 
time.'  Silver  solders  may  be  employed,  but  little  quantitative  infor- 
y a?ul!ab]e  concerning  the  compatibility  of  these  braze  alloys 
Tiwc  ?y  d^ermined  whether  or  not  selected  silver  braze 

leys  could  be  employed  in  the  SEGMAG  demonstration  machine.  Since  all 
the  braze  joints  were  to  be  protected  from  the  NaK  environment  by  the 
rotor  banding  material  in  the  Westinghouse  design,  total  braze  alloy 
compatibility  was  not  essential.  However,  in  the  event  that  NaK  did 
penetrate  the  protective  barrier  of  the  rotor  banding  material,  the 
most  compatible  uiloy  had  to  be  selected.  A total  of  five  silver  braze 
alloys  were  evaluated  for  eutectic  NaK  compatibility  at  140°C  to  a max- 

i;;;wex;;s!re,tim'  °f  ;-500  hours.  Table  5.3  summarizes  the  various 
loys  studied  and  the  weight  changes  which  were  observed  at  exposure 
times  of  112  and  592.8  hours.  v 

Note  that  two  (BCup-5  and  BAu-4)  of  the  five  braze  alloys  completely 
failed jn  112  hours.  SEM  studies  performed  on  these  materials  have 
indicated  that  the  failure  mechanism  is  by  way  of  the  selective 
leaching  of  precious  metals  (silver  or  gold)  from  the  alloy  matrix, 
e three  remaining  materials  have  also  lost  weight  due  to  the  removal 

V !ur  from  the  alloy  matrix’  but  these  small  losses  occur  only 
under  the  most  severe  NaK  exposure  conditions. 

A summary  of  the  materials  compatibility  program  is  presented  in 
I able  5.4.  This  table  lists  the  generic  classification  of  all  the 
candidate  materials  which  were  evaluated  for  NaK  compatibility  at  a 
emperature  of  140°C.  This  table  also  lists  the  quantitative  physical 
measurements  which  were  carried  out  for  each  of  the  materials  specified 

IZ  J™ates  "betherTor  not  each  material  may  be  employed  for  use  in 
the  SEGMAG  machine.  In  general,  as  noted  in  Table  5.4,  almost  all  of 
the  candidate  materials  were  found  to  be  acceptable  for  the  machine 
environment  thus  indicating  that  our  initial  assumptions  concerning 
the  chemical  reactivity  of  NaK  with  various  organic  systems  were  valid, 
in  addition.  Table  5.4  also  shows  that  reported  NaK  incompatible  seal 
materials  (graphite  base)  may  be  employed  provided  that  a protective 
supporting  matrix,  such  as  a polyimide,  is  employed  when  formulating 
seal  materials. 


5.2.2  Liquid  Metal  Systems 

Successful  operation  of  a homopolar  machine  employing  a liquid  metal 
as  the  electrical  current  transfer  media  requires  intimate  and  continuous 
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Fig.  5.6:  The  change  in  elastic  modulus  of  candidate  laminate  materials 

as  a result  of  NaK  exposure  at  140°C 


TABLE  5.3 


BRAZE  ALLOYS  EVALUATED  FOR  NaK 
COMPATIBILITY  AT  140°C 


Sample  I .D. 


Composi  tion 


% Weight  Change  Visual 

112  Hrs  593  Hrs  Observation 


BAg-8 

72%  Ag,  28%  Cu 

-1.5 

-4.03 

OK 

BAg-18 

60%  Ag,  30%  Cu,  10%  Sn 

-0.6 

-0.44 

OK 

BT-Li 

71.8%  Ag,  28%  Cu, 
0.2%  Li 

-0.4 

-0.69 

OK 

BCup-5 

15%  Ag,  80%  Cu,  5%  P 

+2.1 

-4.25 

Severe 

Attack 

BAu-4 

81%  Au,  18.5%  Ni 

-71.0 

— 

Sample 

Dissolved 
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TABLE  5.4  - MATERIALS  COMPATIBILITY  SUMMARY 


•ANDIUATF.  SL()tA(.  ORtJWlC  BASF  MATERIALS 
EVALUATED  PHI  NaK  < OMPANBIUTY  (140*C) 


Material 
Band  inn  Tape* 


Banding  Pads 
Lealnatr» 

Rotor  Rat  Insulation 


Coating* 

Silastic  "aalanta 
Hi  ami  lanroua 


1.  polyester  on  glass  » 

2.  acrylic  nod  Hied  epoxy  on  glass  \ 
1.  polyastar  on  exper laental  fibers  A 
4.  apoxy  Novolac  ran  in  on  Bless  A 


1.  epoxy  on  glass 

1.  glass  cloth  base,  silicone  rosin 

2.  glaas  cloth  base,  epoxy  resin 
).  asbestos  plate 


1-  Rapton  file  1/2  lapped,  ala  bonded  to  Kapton  tape,  polyester 
on  dacron 

Kapton  ilia  1/2  lapped,  airs  bonded  to  Kapton  tape,  epoxy  on 
dacron  and  glass 

Kapton  f 11a  1/2  lapped,  alca  bonded  to  glaas  tape,  polyester 
on  dacron 

A.  Kapton  file  1/2  lapped,  alca  bonded  to  glass  tape,  epoxy  on 
da<  run  and  glass 

5.  Kapton  ft  la,  type  H (20  all) 


A • . J 

A ✓ . / 

Q / . X 

A . . 

U X X X 


1.  epoxy  enaael  A • 

2.  electrostatically  depoaited  epoxy  coatings  A 


1.  116  RTV 

2.  732  RTV 

3.  *92  RTV 


VI  • X X 

l X X X 

V X X X 


1.  cooling  fluid  - Uearo  C 

2.  adhesive  - (East sun  910  FBIT) 

i.  pitting  <.oapouud  - silica  filled  epoxy 
4.  polyethylene  sheet 
5-  pglyprppy lens  sheet 
b.  polycarbonate  sheet 


A 

V 


V 

A 

A 


X 


cAM  1)1  DATE  sECMAC  !NuRl.AM(  BASF  MATERIALS 
FVALUATEI'  FOR  MaK  COF^ATIBILITY  ( I40*<  ) 


Seals  (1.  C) 


Structural  Metals 


Bra/e  Alloys 


1.  99. 9X  graphite 

2.  < arbor -graph its  ♦ MoS^ 

j.  • arbon -graphite  * *toSy  (*l*K-2»5) 

4 siallar  to  above  with  phenolic  lap  re gnat  ion 
>■  straight  carbon-graphite 
a.  brunse  aatrlx  ♦ carbon 

poly lalde  aatrlx  ♦ 152  graphite  ♦ 101  Teflon 
►.  polytalde  aatrlx  ♦ 152  MdSt 

i BOY  tm.gsten  disc  Isolde  - 20T  gal  1 f ua- lndiua 
1 1 Wi  i ♦ oxide  coating 

11.  902  V f - 52  Ag  - 52  CaFj 

12.  tunk  ten  dleelenlde 

l».  carbon  graphite . density  • l.R  gas  tc 
14.  « srbon-graphlte,  density  • 1.9  gaa/cc 

15  pyrographit# 

it.  lapervloua  py roll  ing:  at ed  graphite 
17.  boron  nitride  ♦ ) w/o  boric  oxide 

1.  copper  EDI 35  (rotor) 

2.  .upper  OVMC  (stator) 

).  rotor  steel 

1.  ni.  rob  rase 

2.  precious  artel 

3.  aoft  snider 


A • adaptable  for  use  In  both  Naft  liquid  end  vapor. 

y • questionable  NaK  . oapet lbil It y - aay  be  used  at  lover  reaper at  urea  (50-100*0 . 
U • unacceptable  - adequate  protn  tion  froa  NaK  auat  be  provided 
• • passed  test. 

X - fel led  test . 


I'  X 

V X 

I X 

V X 
U X 
A . 
A r 
A « 
U X 

V X 
U X 
U X 
IF  X 

V X 
L’  X 
l'  X 
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contact  of  the  fluid  with  rotating  and  stationary  members.  Ideally, 
this  fluid  would  be  hermetically  sealed  in  the  current  collector  zone, 
thus  preventing  contaminants  from  reacting  with  the  liquid  metal  and 
the  liquid  metal  from  escaping.  However,  rotating  seals,  for  large 
diameter  high  speed  machines  that  are  also  compatible  with  candidate 
fluids  are  not  technically  feasible  at  this  time. 

Other  current  collection  techniques  which  employ  a batch  process 
without  adequate  sealing  must  overcome  severe  obstacles  for  long  term 
operation.  These  include: 

• Loss  of  fluid  through  aerosol  and  droplet  migration. 

• Oxide  and  reaction  product  buildup  due  to  contaminants 
reacti ng  wi th  the  fluid . 

• Compositional  changes  because  of  selective  oxidation. 

• Mow  instability  because  of  inadequate  supply  during 
some  operating  conditions. 

The  most  practical  method  for  overcoming  these  obstacles  is  through 
the  use  of  a recirculating  system.  Such  a system  was  selected  to 
service  the  Westinghouse  3000  Horsepower  Prototype  Homopolar  Generator 
(SEGMAG).  Figure  5.7  schematically  presents  a loop  design  to  service 
each  of  the  six  SEGMAG  current  collectors.  Eutectic  NaK,  the  SEGMAG 
current  transfer  iluid,  is  circulated  by  a centrifugal  pump  through  a 
high  resolution  electromagnetic  flowmeter,  through  a water  cooled  cold 
trap,  and  into  the  current  collector  annulus.  Drain  channels  collect 
NaK  overflow  from  the  current  collector  and  return  it  to  the  sump  tank 
and  back  to  the  pump  inlet.  Gravity  drainage  of  the  NaK  to  the  sump 
tank  is  assisted  by  a recirculating  gas  system.  Original  design 
plans  considered  one  large  NaK  loop  with  six  parallel  feed-drain  legs 
for  current  collection  fluid  circulation.  Problems  were  apparent  when 
the  I R losses  were  considered  for  common  NaK  current  collection  lines. 
Losses  of  over  40  kW  were  predicted.  A technique  of  breaking  the  NaK 
flow  through  insulated  connections  and  utilizing  one  NaK  loop  demon- 
strated that  electrical  isolation  of  the  current  collectors  could  be 
maintained.  However,  verification  of  this  novel  NaK  recirculation 
technique  for  extended,  unmanned  operation  was  considered  too  time 
consuming  to  contract  schedules,  and  the  more  secure,  individual  loop 
approach  was  followed. 

Each  NaK  loop  was  designed  to  service  one  current  collector  and  was 
completely  isolated  electrically  from  other  loops  and  ground.  The 
sump  tank  contains  approximately  two  liters  of  eutectic  NaK  which  is 
sufficient  to  maintain  long  term  compositional  stability  and  replace 
that  which  may  be  lost  by  aerosol  formation  and  fling-out.  Level 
probes  in  the  sump  tank  indicate  whether  NaK  levels  are  becoming 
unacceptably  high  or  low.  The  sump  tank  also  provides  the  first  stage 
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5.7:  Small  NaK  loop  concept  for  servicing  each  current  collector 

i ndependently 


.8:  Assembled  NaK  loop  for  current  collector  service  in  prototype 
SEGMAG  machine 
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of  NaK  purification  where  by  insoluble  or  precipitating  oxides  and 
impurities  float  to  the  surface  of  the  NaK  pool. 

In  the  loop,  the  NaK  flows  from  the  flowmeter  up  through  a cold 
trap,  which  removes  soluble  impurities  and  oxides  by  a precipitation 
process  and  particulates  by  a filtering  process,  before  returning  NaK 
to  the  current  collector.  Figure  5.8  presents  one  of  the  SEGMAG  NaK 
loops;  components  can  be  identified  from  Fig.  5.7.  The  loops  are  of 
type  304  stainless  steel,  and  consist  of  all  welded,  inspected  con- 
struction, employing  liquid  metal  bellows  seal  valves.  Loop  capa- 
bilities are  presented  in  Table  5.5.  As  demonstrated  in  Fig  5 9 the 
six  NaK  loops  are  placed  beneath  the  SEGMAG  unit. 


The  NaK  pump  was  selected  after  evaluating  electromagnetic  (EM),  gear, 
bellows,  and  centrifugal  pumps.  It  is  a canned  rotor,  inductively 
coupled,  centrifugal  pump  and  was  qualified  for  over  1000  hours  in  NaK 
prior  to  its  selection.  The  flowmeter  is  electromagnetic,  and  was 
designed  by  Westinghouse  for  low  temperature  low  flowrate  NaK  service. 

A calibration  curve  presented  in  Fig.  5.10  demonstrates  the  meter's 
accuracy  to  +5  cc/min  in  the  0-800  cc/rnin  range.  The  NaK  system  proved 
to  be  entirely  satisfactory  for  SEGMAG  operation.  Each  of  the  six 
loops  operated  for  hundreds  of  hours  without  major  problems,  and  a 

prototype  loop  has  operated  for  more  than  9000  hours  continuous 
operation. 

Recent  work  with  one  loop  systems  to  service  multiple  current  collection 
sites  has  been  performed.  Multiple  current  collector  homopolar  machines 
equipped  with  common  liquid  metal  recirculating  or  supply  systems  are 
faced  with  the  problem  of  electrical  short  circuits  through  the  liquid 
metal.  El ectri cal ly . i solati ng  each  current  collector  with  an  independent 
liquid  metal  system  is  a viable  solution  for  machines  with  six  or  less 
collectors  but  is  not  feasible  for  machines  with  a large  number  of 
collectors. 

Electrical  losses  of  several  kilowatts  can  be  expected  from  low 
voltage  machines  v^lOO  V)  and  typical  V1  feed  lines.  The  problem  is 
compounded  by  the  necessity  to  cool  these  liquid  metal  lines  to 
prevent  overheating  and  possible  line  failure.  Also  complicating  the 
problem  is  the  different  requirement  for  current  collector  inlet 
flow  compared  with  outlet  flow.  Inlet  flow  is  clean  purified  liquid 
metal  under  controlled  pressure  and  flowrate  conditions,  while  outlet 
flow  may  be  sporadic,  contaminated,  and  drained  by  gravity.  For  these 
reasons,  techniques  for  electrically  isolating  a flowing  liquid  metal 
stream  were  investigated  and  were  found  to  vary  in  approach  for  inlet 
and  outlet  lines.  Two  general  approaches  may  be  used  in  electrically 
isolating  mul  ti  col  lectors  from  a common  supply.  One  method  is  to 
increase  the  resistance  of  the  NaK  line  to  the  extent  that  losses  are 
no  longer  a problem.  The  other  method  is  to  physically  separate  the 
liquid  metal  with  an  insulating  material  such  as  gas  as  it  flows  into 
a tank  or  insulated  pipe  section. 
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TABLE  5 .5  - NaK  Loop  Capabi  1 i ti es 


1.  Temperature: 

Max.  250°C  loop,  150°C  pump 
Min.  0°C  loop  and  pump 

2.  Flowrate: 

0-800  cc/min 

3.  Inventory: 

Sump  tank  volume  - 2700  cc 
NaK  charge  in  system  - 2000  cc 
Total  working  Nak  - 850  cc 

4.  Physical  size: 

Each  loop  2‘  x 2‘  x 7"  wide 

Six  loops  fit  into  2'  x 2'  x 3'  long 

5.  Pressure: 

Max.  50  psig  loop,  15  psig  pump 
Min.  high  vacuum  loop,  0 psig  pump 

6.  Material: 

All  304  s/s  or  316  s/s 

Valves  - Metal  bellows  seal  welded 

All  welded,  inspected  construction 

7.  Purity  control: 

Two  stages 

First  stage  - Sump  tank,  oxides  float 
Second  stage  - Cold  trap,  filter 

8.  Level  control : 

Sump  tank  - Three  electrical  continuity  probes 

The  first  meth°d  can  be  accomplished  by  making  the  liquid  metal  line 
smal  in  diameter  and  long  in  length.  For  example,  a 304  stainless 
steel  tube  1/8  0D  x .028  wall  100  ft.  long  filled  with  NaK  78  at  100°C 
bas  a total  resistance  of  approximately  2.3  ohms.  This  resistance  is 
reasonable  and  would  result  in  a power  loss  of  approximately  10  kw 
based  upon  a 20  collector,  100  V,  20,000  horsepower  machine  with  one 
line  to  each  collector.  Several  problem  areas  would  have  to  be  inves- 
tigated before  utilizing  this  technique.  These  include: 


• Susceptibility  of  the  line  to  plugging 

• Heat  buildup  as  a function  of  current  and  NaK  flow 

• Pressure  drop  as  a function  of  NaK  flow 

• Arrangement  of  (20)  100  ft  long  tubes  on  the  machine 


This  method  would  only  be  applicable  to  the  inlet  flow  which  would  be 
clean  liquid  metal  at  controlled  pressure  and  flow  conditions.  The 
other  approach,  physically  separating  the  flowing  liquid  metal,  can  be 
accomplished  by  various  techniques.  One  technique  utilizes  receiver 
tanks  with  a liquid/gas  interface  for  each  collector  and  is  illustrated 
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Fig.  5.9:  3000  HP  Segmented  Magnet  Homopolar  Generator  (SEGMAG)  on  test 

bed.  The  NaK  loops  are  located  below  the  SEGMAG  and  the  dia- 
gnostic dials.  The  gas  systems  are  to  the  lower  right  and  far 
ri ght  of  the  test  bed. 
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Fig.  5.10:  Calibration  of  NaK  flowmeter. 
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™.Fig:  Level  Probes  in  the  supply  tank  would  automatically 

n in  the  correct  liquid  level  by  actuating  a solenoid  valve  to  fill 

s5stPmP^yi,J  3nd,at  the  tme  time  empty  the  drain  tank-  A logi  c 
system  would  prevent  more  than  one  current  collector  being  connected 

to  the  common  header  at  one  time.  This  system  should  operate  well  in 

the  shoit  term,  however  over  the  long  term  it  would  probably  be 

unreliable  because  of  the  large  number  of  valve  operations  required. 

iFl'9‘  ^'12)  relieS  on  a bubble  of  9as  injected  into 
the  liquid  meta  stream  to  separate  the  liquid  into  slugs  as  it  flows 

through  an  insulated  pipe  section.  This  method  has  been  proven  in 
smal!  scale  laboratory  operations,  but  long  term  trouble  free  operation 
has  yet  to  be  demonstrated.  Also  the  problem  of  removing  the  gas  before 
it  enters  the  current  collector  would  have  to  be  solved.  9 

Figures  5.13,  5.14,  5.15  represent  other  techniques  for  breaking  the 
liquid  metal  into  electrically  isolated  slugs  or  drops.  Each  has 

fn!'wUt  aS-\?e  Pro^n.exPerimentally  and  judged  against  the 
following  desirable  qualities: 


• Workability 

• Reliability 

• Si  mpl  i ci  ty 

• Long  Li fe 

• Cleanliness  (non-contaminating) 

• Predictability 


Work  is  continuing  in  this  area  toward  developing  a method  with  the 
outletqfliwtleS  that  Can  56  Pr°Ven  f°r  b°th  the  in1et  flow  and  the 


5.2.3  Cover  Gas  Systems 

?ionUS?fMArdmSher  9asband1l'n9  system  was  fabricated  for  the  demonstra 
.ion  SEGMAG  machine.  The  gas  system  consisted  of  three  subsystems- 

suoDl^fn93?  r®c1rculat]on  and  Purification  unit;  2)  Gas  pump  and 

system  Th^f  9a*  C1  f enti  al  seals;  and  3)  Intercollector  gas 

system.  These  are  illustrated  in  the  schematic  in  Fig.  5.16. 

Inrr?ain  9a!  r.eCiurC,U,latl>n  and  Puri  ti cation  system  consists  of  a com- 
WhK-  Wesb1n9house  designed  and  contains  tandem  (parallel) 
towers  of  Dow  resin  and  molecular  sieve  materials.  Dry  nitroqen  is  thu 
rculated  through  the  machine,  and  through  one  tower  at  a time  The 
tower  removes  oxygen  and  moisture  to  levels  of  1 ppm  and  below 

JSnl?eKni"C°0led  heat  ?xchan9^s  were  added  to  remove  condensible 
affnrt  haK  V!-°r’  organ1c  compounds ) that  could  leave  the  machine  and 
affect  the  active  resins.  One  tower  may  be  automatically  regenerated 
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while  the  o„her  is  on-line.  Flowmeters  and  control  valves  balance  the 
flow  and  circulation  of  dry  nitrogen  through  the  machine  housing.  The 
pressure  is  maintained  at  4 psig  and  high  and  low  pressure  alarm  inter- 
locks are  provided.  A continuous  sample  of  gas  is  drawn  and  sampled 
for  oxygen  and  moisture  purity,  and  a trace  recorder  is  employed  to 
indicate  oxygen  levels.  An  alarm  interlock  is  provided  for  the  detec- 
tion  of  oxygen  levels  above  10  ppm  (V).  Cover  gas  can  be  circulated 
through  the  system  at  0 to  35  SCFM.  Experimental  operation  of  this 
unit  with  the  SEGMAG  showed  it  to  perform  better  than  expected,  and 
to  maintain  machine  cover  gas  purities  at  1 ppm  (V)  for  oxygen  and 

?nrQSen^f°^TStur^duHn9.machine  ^perature  excursions  reach- 
ng  90-115  C.  ,hus  the  NaK  inside  the  machine  was  not  subject  to 
oxidation  a, id  oxide  formation  problems. 


A second  gas 
the  ni  trogen 
from  the  mai 
to  5-7  psig 
Dry  nitrogen 
gas  is  lost 
for  recircul 
matically  su 
system  press 


system  operates  from  the  main  gas  system  to  distribute 
A mechanical .bellows  pump  is  employed  to  extract  gas 
n gas  system  reci  rculati  on  lines  and  to  raise  the  pressure 
for  insertion  into  the  tandem  circumferential  chaft  seals 
is  thus  supplied  to  the  seals  at  1-2  SCFH.  Half  of  the’ 
to  the  environment,  half  returns  to  the  machine  housing 
ation  and  purification.  A gas  pressure  controller  auto- 

pplied  cover  gas  makeup  for  losses,  as  well  as  maintaining 
ure.  3 


A third  gas  system,  also  illustrated  in  Fig.  5.16,  called  the  inter- 
col  ector  gas  system,  is  employed.  A mechanical,  bellows  gas  pump  is 
employed  to  pull  cover  gas  down  the  NaK  drains  of  each  current  collector 
(gravity  drains  to  a sump  tank)  and  thus  assist  drainage.  This  qas  is 
removed  from  each  loop  at  the  sump  tank  (the  void  space  above  the  NaK 
level)  drawn  through  a vapor  trap,  and  then  forced  by  the  gas  pump 
through  six  flowmeters,  and  reinjected  into  the  intercollector  gas  gaps 
between  tne  rotor  and  stator.  Once  in  the  gas  gap,  the  gas  divides 
and  flows  into  the  adjacent  current  collectors,  sweeping  aerosol  and 
NaK  vapor.  The  gas  then  exits  via  the  NaK  drains  and  repeats  the  cycle 
contaminants  which  enter  the  gas  are  removed  by  reaction  with  the  NaK. 
the  reaction  products  floating  on  the  NaK  surface  in  the  sump  tank 


nrin1rr?erati.0n  0f  the  cover  9as  ^tem,  first  with  the  glove  box 
U00  CF),  and  subsequently  with  the  SEGMAG  machine  (less  than  1 CF) 
have  confirmed  its  operation.  For  the  initial  startup,  a roughing 
pump  vacuum  was  applied  to  the  machine  while  it  was  heated  to  70-80°C 
Following  removal  of  the  volatiles,  moisture,  etc.,  in  this  fashion  a 
dry  nitrogen  gas  purge  was  initiated.  Monitoring  of  the  effluent  pilrqe 
gus  for  oxygen  and  moisture  showed  both  to  be  below  100  ppm  (V),  and 
the  main  cover  gas  reci rculation  system  was  started.  This  system 
operated  continuously  once  the  machine  was  clean  of  oxygen  and  moisture, 
e shaft  seal  system  was  activated  only  prior  to  and  during  rotation. 

,e  1 ntercol lector  gas  network  was  only  active  during  NaK  circulation 
through  the  machine.  The  on-line  oxygen  and  moisture  monitors  operated 
continuously. 
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Fig.  5.16:  SEGMAG  cover  gas  systems 
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A fourth  coyer  gas  system,  not  illustrated  in  Fig.  5.16,  provided  an 
auxiliary  blow-down  network  for  NaK  which  collected  between  current 
collectors.  This  network  provided  a good  indication  of  collector  per- 
formance ( i - e . , NaK  retention)  during  machine  transient  conditions. 
NaK,  lost  to  the  intercollector  gaps,  was  removed  from  the  machine  and 
collected  in  graduated  catch  basins  (one  for  each  i ntercollector  zone) 
Continuous  or  intermittant  operation  of  this  blowdown  network  could 

De  selected,  and  a bellows  gas  pump  was  provided  to  assist  lost  NaK 
remova I . 


5.2.4  Gallium-Indium  Technology 


Although  NaK78  is  the  preferred  current  collection  fluid  for  constant 
high  speed  machines  (generators),  eutectic  Gallium-Indium,  14.2-16  5 at 
Indium, o./  may  be  the  more  suitable  fluid  for  slow,  /ariable  speed 
machines  (motors).  The  primary  reasons  being:  (1)  eutectic  Garium- 

Indium  is  inherently  easy  to  handle,  because  it  does  not  react  volently 
with  water  vapor  or  oxygen  as  does  NaK78  (however,  care  must  be  exer- 
cised because  of  its  toxicity8);  (2)  it  has  a higher  density9  than 
NaK7o,  it  is  therefore  less  influenced  by  MHD  forces;  (3)  it  is  easily 
purified  by  simple  electrolysi s and,  (4)  it  has  a higher  electrical 
conductivity  than  NaK™.!!  Thus,  since  viscous  losses  are  less  impor- 
tant in  low  speed  machines  than  in  high  speed  machines,  eutectic 
Gal  hum- Indium  may  be  the  more  desirable  current  collection  fluid. 


In  an  effort  to  aid  the  electro-mechanical  engineers  in  designing 
homopolar  machines  that  will  employ  eutectic  Gallium- Indium  as  a current 
collection  fluid,  a machine  designer's  guide  to  Gallium-Indium 
technology  is  being  prepared.  This  guide  is  intended  to  cover  the 
following  aspects  of  Gal liuin-Indi urn  technology:  (1)  physical  and 

chemical  properties;  (2)  compatibility  with  organic,  inorganic,  and 
structural  metals;  (3)  machine  degass  and  start-up  procedures;  (4)  de- 
contamination and  clean-up  schemes;  (5)  current  collector  wetting; 

(6)  purification  techniques;  and  (7)  safety  and  toxicity. 


5.2.5  Support  System  Summary 

As  can  be  envisioned,  all  three  subsystems  were  vital  to  successful 
machine  performance.  All  machine  materials  employed  were  compatible 
with  NaK  and  NaK  decontamination  products  and  processes.  The 
materials,  NaK  loops,  and  cover  gas  systems  all  interacted  in  a 
viable  fashion  to  ensure  long  term  operation  of  the  machine.  The 
NaK  and  cover  gas  systems  were  sufficiently  flexible  to  allow  fine 
tuning  the  machine  operation  through  a wide  range  of  performance 
testi ng. 

The  following  conclusions  can  be  made  with  respect  to  the  homopolar 
machine  liquid  metal  support  systems.  Long  term  homopolar  machine 
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operation  will  require  a design  incorporating:  (1)  selection  of 

proven  NaK  compatible  materials;  (2)  a liquid  metal  recirculation  and 
purification  system;  (1)  a cover  gas  network  which  can  remove  deqas 
as  well  as  inleakage  contaminants  to  provide  for  clean  NaK  envi ron- 
me+'^k'  -^e  ma^er^a^s  selected  by  this  study  have  exhibited  NaK  com- 
pati  bi  1 i ty , ^ ar|d  show  trends  for  continued  long  term  compatibility, 
nrlnn  reC1'  rcu] a ti on  ar|d  purification  loop  (prototype)  now  has  over 
9000  hours  continuous  operation  with  various  contamination  levels  of 
cover  gas  The  cover  gas  system  is  a modified  commercial  unit  which 
nas  typically  operated  many  months  without  maintenance. 
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SECTION  6 
SEAL  STUDY 


6.0  OBJECTIVES 

A study  of  the  sealing  problems  between  the  liquid  metal,  bearing  oil 
system,  and  the  environment  shall  be  conducted.  Seal  system  desiqns 
will  ue  evolved  for  both  the  SEGMAG  and  SMHTC  machines  9 

There  are  two  subtasks  to  the  seal  study: 


1) 


2) 


Confinement  of  liquid  metal  to  the  currer t collection 
zone.  This  work  is  reported  in  Section  4,  "Current 
Collection  Systems". 

Development  of  the  seal  systems  for  the  primary  rotor 
shafts  of  the  homopolar  machines.  This  work  is  reDorted 
in  Section  6,  "Seal  Study".  F 


During  Phase  I of  this  program,  our  objectives  were,  1}  to  review  the 

2)  desman  a °f  Se*I  techn°i°^  as  applicable  to  homopolar  machines, 
vin'n,  q9  3 test  apparatus  capable  of  evaluating  the  performance  of 

Lrt'l  conc^ts+under  gating  conditions  anticipated  in  homo- 
polar  machine  applications. 

During  Phase  II  our  objective  was  to  develop  a shaft  seal  system  for 
homopolar  generator  applications,  where  the  mode  of  operation  is  both 

M'&SKi  generator?U°US  P3rtiCU,ar'  3 

converter 

generators'^  ’ 3"d  2)  unidl' recti onal  high  speed  (96  m/s  collector  speed) 

6.1  PRIOR  AND  RELATED  WORK 

s^lienrPh^0rmedidUrin9JhaSe  1 indicated  that  a tandem  circumferential 
seal,  or  bore  seal,  was  the  prime  candidate  for  satisfying  the  require- 

niLnts  imposed  on  the  primary  rotor  shaft.  The  circumferential  seal  not 
y exhibits  the  ability  to  withstand  high  velocity  rubbing  at  its 

of 1 seal^i ff 9 tsurfaces’  ^ aiso  the  ability  to  provide  a high  degree 
of  sealing  effectiveness.  Its  design  conserves  weight  and  space,  pro- 

is  a schemati c^0fnthTs^sea?lltypetraVe^  ’ and  iS  easily  assembled'  Fi9ure  6.1 

With  regard  to  material  selection  for  use  in  these  seals  care  wac 
retaiJritflihS1:,rei--hat  thf .self-lubricating  composite  employed 

standard  nrnif3  2 9blllty  in  a no-moisture,  inert  gas  environment, 
standard  grades  of  carbon-graphite  seal  materials  exhibit  extremely  poor 
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friction-wear  characteristics  in  dry  argon.  Face  seal  screening  tests  on 
candidate  seal  materials  for  use  in  the  primary  rotor  shaft  seals  of 
homopolar  machines  indicated  that  two  polyimide  matrix  composites  exhibit 
satisfactory  friction-wear  characteristics  in  the  inert,  no-moisture 
environment  required  for  these  machines.  The  composites  contain  solid 
lubricants,  such  as  molybdenum  disulphide,  Teflon,  and  graphite,  as 
fillers.  Both  materials  were  also  found  to  be  compatible  with  NaK  at  a 
temperature  of  108°C.  Seal  segments  suitable  for  use  in  tandem  circum- 
ferential seals  were  fabricated  from  these  materials. 

A seal  test  stand  was  designed  and  constructed.  Through  the  use  of  a 
2.1  pulley  ratio,  the  test  stand  is  capable  of  performing  experiments 
on  various  seal  configurations  over  a 7000  rpm  speed  range  in  inert, 
bone-dry  environments.  Leakage  rates,  operating  speed,  and  seal  and 
bearing  temperatures  are  continuously  monitored.  The  test  stand  is 

capable  of  evaluating  seals  for  shafts  ranging  in  diameters  from  2 to  6 
inches. 

Tandem  circumferential  seals  were  purchased  for  functional  testing 
purposes  as  well  as  for  use  on  the  SEGMAG  machine.  Testing  results  on 
these  units  indicated  that  seal  leak  rates  can  be  held  to  0.02  cfm  or  less 
and  that  the  use  of  carbon-graphite  seal  materials  in  these  units  is 
unsatisfactory  when  they  are  applied  in  dry,  inert  gas  environments. 

The  test  program  for  functional  seal  testing  consisted  of  three  phases: 

1)  Candidate  seal  materials  were  evaluated  with  regard  to 
their  ability  to  operate  effectively  in  an  inert,  no- 
moisture environment. 

2)  Concurrently,  these  material s were  evaluated  with  respect 
to  their  compatibility  with  NaK  at  room  temperature  and, 
where  appropriate,  at  elevated  temperature. 

3)  Finally,  the  most  promising  materials  were  fabricated  into 
actual  seals  and  tested  extensively  with  respect  to  operating 
speed,  runner  design  and  material,  and  load  pressure.  The 
results  were  compared  against  those  obtained  on  units 
employing  standard  carbon-graphite  materials.  Parameters 
monitored  during  these  tests  included  seal  wear,  leakage, 

and  operating  temperature. 

All  face  seal  screening  tests  on  candidate  seal  materials  were  completed 
and  the  results  were  previously  reported.  NaK  compatibility  studies 
on  these  materials  were  also  completed  and  reported. 

Three  functional  tests  were  performed  on  tandem  circumferential  seals 
designed  by  the  Stein  Seal  Company.  The  first  two  experiments  were 
performed  on  seals  equipped  with  USG-67  carbon-graphite  segments  in 
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°hdeLt0/btain-bench  mark  Performance  data  on  standard  seal  designs 
i he  third  experiment  was  performed  on  a seal  of  identical  design  but' 
equipped  with  segments  fabricated  from  Vespel  SP-211 

The  first  two  seal  tests  resulted  in  excessive  wear  of  the  seals  after 
25  hours  of  operation  in  the  test  rig.  Hgure  6.2  shows  this  test  rig 

The  final  test  performed  during  this  period  utilized  a Stein  cirnimfp^nt^i 
seal  equipped  with  segments  fabricated  from  the  Vespel  SP-211  polvimide 
matrix  composite.  After  an  initial  run-in  of  10  hoSrs,  the  sea?  was 

beinnUfp  1 nsp?^ted * reassembled,  and  then  operated  at  3600  rpm  while 
be  ng  fed  dry  nitrogen  (dew  pt  < - 45°C)  at  a feed  pressure  of  5 
total,  accumulated  life  of  800  hours  was  achieved  on  this  seal  with 

of  0e005nL  0SmnVr  s|P?ifica!?t  wear’  and  W1  th  measured  leak  rates 
sloreTJl  spaJetr  slml^  ™ ^ inS“  ™bled  a"d 

The  SEGMAG  seals  were  assembled  and  tested  for  150  hours  to  insure 
performance  similar  to  the  endurance  test  units. 

Seal  performance  of  the  SEGMAG  shaft  seals  was  monitored  during  the 

s 1 Sea1Jfk?9e  m^asured  dun  n9  SEGMAG  operation  was 

similar  to  that  measured  during  the  seal  run-in  period.  The  seals 

were  not  disassembled  during  SEGMAG  rework  since  there  was  no  evidence 
of  damage  during  the  test  program.  6 

A state-of-the-art  review  has  been  initiated  to  evaluate  potential 

heesrrSrSeal  CTePtS  f0r  the  SMHTC  shaft  seals-  The  seals  ilel  on 
the  SEGMAG  generator  are  essentially  a unidirectional  design.  Toe 

shaft  seal  for  the  SMHTC  motor  shaft  will  be  designed  for  low  leakaqe 

and  wear  at  operating  speeds  from  zero  to  500  rpm  in  either  direction. 


6.2  CURRENT  PROGRESS 

No  work  was  scheduled  for  this  reporting  period. 
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